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(Colangelo et al. [2203.15810])
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Leading Logarithmic contributions to (g — 2),

Application I: Calculation of leading logarithms in the 2-Higgs-Doublet Model
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Leading Logarithmic contributions to (g — 2),

Application I: Calculation of leading logarithms in the 2-Higgs-Doublet Model

2HDM: leading contribution from 2-loop
Barr-Zee Diagram
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Leading Logarithmic contributions to (g — 2),

Application I: Calculation of leading logarithms in the 2-Higgs-Doublet Model

2HDM: leading contribution from 2-loop
Barr-Zee Diagram

Multiple mass scales

mu<<mb <<MA

— logarithmic enhancement

21,b 2 o (Ma
Aay"" ~mye In
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Leading Logarithmic contributions to (g — 2),

Application I: Calculation of leading logarithms in the 2-Higgs-Doublet Model

2HDM: leading contribution from 2-loop
Barr-Zee Diagram

Multiple mass scales

mu<<mb <<MA

— logarithmic enhancement

M
Aail’b ~ mue2 In? ( A)

mp

— "NLO” from 3-loop

instead: estimate of leading logs (LL)
from EFT Renormalization Group

A ,LL .
‘ Aay o< Ch,, (my)
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Leading Logarithmic contributions to (g — 2),

Application I: Calculation of leading logarithms in the 2-Higgs-Doublet Model

2HDM: leading contribution from 2-loop
Barr-Zee Diagram

o
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Multiple mass scales
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— logarithmic enhancement
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instead: estimate of leading logs (LL)
from EFT Renormalization Group
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Leading Logarithmic contributions to (g — 2),

Application I: Calculation of leading logarithms in the 2-Higgs-Doublet Model

2HDM: leading contribution from 2-loop
Barr-Zee Diagram

Multiple mass scales
my K my K Mg

— logarithmic enhancement

M
Aail’b ~ mue2 In? ( A)
mp
— "NLO” from 3-loop
EFT diagrams Matching diagrams
instead: estimate of leading logs (LL)
from EFT Renormalization Group M M
1A 1A
(7)) - b(z) + WB(%4)
Ll ——
‘ A”/z o C Hy, (777/1) phys. log. EFT diagrams Ci(p)
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Leading Logarithmic contributions to (g — 2),

EFT RGE:
dCy
M
~ Y. Cilwryo, m, (1) (1)
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Leading Logarithmic contributions to (g — 2),

EFT RGE:

dCHM <

> Cilwvo, m, (1) (1)

> basis of relevant operators

H,, O1= (/mr‘;/)(’bd_’b),
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Leading Logarithmic contributions to (g — 2),

EFT RGE:

dCHM <

> Cilwro,m, (1) (1)

> basis of relevant operators

H,, O = (//75‘;1)('()7,_‘()), T(>—---<)
> LO matching of C;(M4)
(5
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Leading Logarithmic contributions to (g — 2),

EFT RGE:

ac
p—t = 32, Cilwvo, m, (1) (1)

> basis of relevant operators

Hy, O1 = (iy° 1) (07°b), ... %&L = YH,H,

> LO matching of C;(M4)
> anomalous dimension matrix vo, ,,

. = 7Y0.H,
from operator mixing > o

1
€
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Leading Logarithmic contributions to (g — 2),

EFT RGE:
diﬁ” ~ >, Cilwo,m, (1) (1)
> basis of relevant operators
Hy, O1 = (iy° 1) (07°b), ... Ci(p) = C;(M) +/‘Y(M) (C(M)
> LO matching of C;(M4) )
> anomalous dimension matrix vo, ,, + /’Y(“ )<C(M) t+..

from operator mixing

> iterative integration of RGE

TECH'"SCHE EFT Approach to g — 2 in the 2HDM and VLLM

BRESDEN T Kilian Mohling »  Ziirich, 18.07.2024 3/5

B PARTICLE PHYSICS



Leading Logarithmic contributions to (g — 2),

EFT RGE:
diﬁ” ~ >, Cilwo,m, (1) (1)
> basis of relevant operators
Hy, O1 = (iy° 1) (07°b), ... Ci(p) = C;(M) +/‘Y(M) (C(M)
> LO matching of C;(M4) )
> anomalous dimension matrix vo, ,, + /’Y(“ )<C(M) t+..

from operator mixing

> iterative integration of RGE

After choosing parametrization of 2-loop result (e.g. MS with e(m,), gs(ms)),
3-loop LL are fixed by solution of RGE

Adkb? Z Agh-2. (me i)fln Mimy \ _ T93Cr + (TQF — 5)e® m(%)
3 mft 1272 mr
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Leading Logarithmic contributions to (g — 2),

EFT RGE:
diﬁ” ~ >, Cilwo,m, (1) (1)
> basis of relevant operators
Hy, O1 = (iy° 1) (07°b), ... Ci(p) = C;(M) +/‘Y(M) (C(M)
> LO matching of C;(M4) )
> anomalous dimension matrix vo, ,, + /’Y(“ )<C(M) t+..

from operator mixing

> iterative integration of RGE

After choosing parametrization of 2-loop result (e.g. MS with e(m,), gs(ms)),
3-loop LL are fixed by solution of RGE

1\ e? M? 7 2Cr + (7 2 M
Adtt? = Agth?. (Qﬁe 7) € [ Mame 93CF + (7Q; — 5)e ln( A)
3 mft 1272 mr

—> complicated 3-loop calculation split into 2 one-loop calculations + RGE running.
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Correlation between Aa,, and effective Higgs coupling

Application Il: derivation of observable correlation in vector-like lepton model
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Correlation between Aa,, and effective Higgs coupling

Application Il: derivation of observable correlation in vector-like lepton model

Consider Standard Model extended by one
generation of vector-like Leptons

I +e + Lpn+Er g
—— —_—

SM VLL
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Correlation between Aa,, and effective Higgs coupling

Application Il: derivation of observable correlation in vector-like lepton model

Consider Standard Model extended by one
generation of vector-like Leptons

liL+e§;i + LL/B+EL/R
—— N—————
SM VLL
—> gauge-invariant Dirac mass terms

LD —mrLpLr —mpELER + hec.
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Correlation between Aa,, and effective Higgs coupling

Application Il: derivation of observable correlation in vector-like lepton model

Consider Standard Model extended by one
generation of vector-like Leptons

l’LLJre% Jr LL/R+EL/R
~—— ——
SM VLL
—> gauge-invariant Dirac mass terms
LD —mrLpLr —mpELER + hec.
—> new Yukawa terms
LD - LpupH — \arErH
— \NHYEL LR + h.c.

resulting in mixing between VLL and SM
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Correlation between Aa,, and effective Higgs coupling

Application Il: derivation of observable correlation in vector-like lepton model

Consider Standard Model extended by one  Mixing effects captured by EFT
generation of vector-like Leptons

S H H H
1’ i L .+ E

rter + Lp/r+Er/Rr : : : \ESAL

UR e L], o —————

M VLL EL LR mrmeg

—> gauge-invariant Dirac mass terms

— I _ L E c. )\ES\)\L
LD IIILLLLR I)IEELER+hC EEFTD ~f1,L/l,RH(HTH)
mrmeg
= new Yukawa terms

LD - LpupH — \arErH
— \NHYEL LR + h.c.

resulting in mixing between VLL and SM
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Correlation between Aa,, and effective Higgs coupling

Application Il: derivation of observable correlation in vector-like lepton model

Consider Standard Model extended by one
generation of vector-like Leptons

liL+e§;i + LL/B+EL/R
~—— ——
SM VLL
—> gauge-invariant Dirac mass terms
LD —mrLpLr —mpELER + hec.
—> new Yukawa terms

LD - LpupH — \arErH
— \NHYEL LR + h.c.

Mixing effects captured by EFT

H H H
| | |
| | |
HR e p— [L], ~
Er Lg

AEXAD

mrmg

AEXNE
EEFT D W 'ﬂL/l,RH(HTH)
LTE

generates correlated contribution to my,
and muon—Higgs coupling A,

AEANL
o o my, = yuv + 8 Eyuv—l-mﬁE

resulting in mixing between VLL and SM mrmg

AEXNE
Aup =Yp +3——v
mrmg
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Correlation between Aa,, and effective Higgs coupling

Application Il: derivation of observable correlation in vector-like lepton model

Mixing effects captured by EFT

H H H
N APIAL
HR e P L], ~ —————
EL LR mrmeg

AEXNL
L:EFT 52 27
mrmeg

-pLprH(HH)

generates correlated contribution to my,
and muon—Higgs coupling A,y

AEMNE o LE
my, = Y,v —v° = yuv +
w = Yuv + p— Yuv +my,
AEXNL
Aup = Yu 43270 2
mrmg
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Correlation between Aa,, and effective Higgs coupling

Application Il: derivation of observable correlation in vector-like lepton model

(9—2), diagrams — same chiral structure ~ Mixing effects captured by EFT

H 7 H H H
X ) | I I _
! mymF \ \ ! AEXAL
KR HL ~ e R e i~
\Er, Lpgr /I (471"[)) Er, Lg mrmeg

EN\L
ﬁEFT 5 ATAA
mrmeg

-pLprH(H'H)

generates correlated contribution to my,
and muon—Higgs coupling A,y

AEME o LE
my, = Y,v —v° = yuv +
w = Yuv + p— Yuv +my,
AEXNL
Aup = Yu 43270 2
mrmg
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Correlation between Aa,, and effective Higgs coupling

Application Il: derivation of observable correlation in vector-like lepton model

(9—2), diagrams — same chiral structure ~ Mixing effects captured by EFT

H 7 H H H
>‘< ) | I | _
! mymF \ \ ! AEXAL
KR /JLNiz HR e p— (L], ~ ———
\Er, Lpgr // (47T’U) E; Lg mrmeg
EY)\L
total contribution LFFT 5 AT ChnupH(HTH)
mrpmg ]
Aay ~ — X 22.5 x 10 generates correlated contribution to my,
My and muon—Higgs coupling A,y
AFANE LE
my,, = v+ —v° = v+m
nw=Yu — Yu w
AEXNE
Aup =y +3—""=0"
mrmg
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Correlation between Aa,, and effective Higgs coupling

Application Il: derivation of observable correlation in vector-like lepton model

(9—2), diagrams — same chiral structure ~ Mixing effects captured by EFT

H 7 H H H
X ) | I | _
! mymF \ \ ! AEXAL
KR rr ~ — 5 HR e p— (L], ~ ———
\Er, Lpgr // (47T’U) E; Lg mrmeg
EY)\L
total contribution LFFT 5 AT canurH(HTH)
mrpmg )
i ’
Aay ~ — X 22.5 X 10~ generates correlated contribution to my,
My and muon—Higgs coupling A,y
Correlation AEIAL .
my =Yuv+ —v° =yuv+ my,
Aup 2Aay, mrpmg
ASM T T 22,5 % 1010 AEXNE
pit > x10 Mup =y +3 002
mLrmg

= (g9 —2)u explained for A, ~ —)\;Sm
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Current Research Project

» higher order corrections to A, ~ AaXLL?
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Current Research Project

» higher order corrections to A, ~ AaXLL?

= renormalization scheme
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Current Research Project

» higher order corrections to A, ~ AaXLL?

= renormalization scheme
= 1-loop corrections to A,
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Current Research Project

» higher order corrections to A, ~ AaXLL?

= renormalization scheme
= 1-loop corrections to A
= preprint [2407.09421]

Aa, x 10"

A=0, mg=my

2000

4000 6000

my, [GeV]

8000

10000

3
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Current Research Project

A=0, mg=my

» higher order corrections to A, ~ AaXLL?
= renormalization scheme
= 1-loop corrections to A,

= preprint [2407.09421]

Aa,

. L0
» update of EW and LFV constraints at
NLO 05
) 2000 4000 6000 8000 10000
my, [GeV]
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Current Research Project

» higher order corrections to A, ~ AaXLL?

= renormalization scheme
= 1-loop corrections to A
= preprint [2407.09421]

» update of EW and LFV constraints at
NLO

A=0, mg=my

10

» full one-loop matching to EFT
) 2000 4000 6000 8000
my [GeV]
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Current Research Project

A=0, mg=my

» higher order corrections to A, ~ AaXLL?

= renormalization scheme
= 1-loop corrections to A,
= preprint [2407.09421]

» update of EW and LFV constraints at
NLO

» full one-loop matching to EFT

Aay, x 10"

10

) 2000 4000 6000 8000 10000
my, [GeV]

Thanks for your attention!
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Motivation

Dark

Particle Dark Matter: Enegy

« Dark Matter comprises almost 4 of the whole energy budget.

« Dark Matter Production (usually) requires interaction with SM.

>/ Ordinary
/" Matter

 |f DM € DS: Portals between the visible and dark sector.

Dark
Matter

CP-violating portals to Dark Sectors 1



Motivation

Dark

Particle Dark Matter: Estey

« Dark Matter comprises almost 4 of the whole energy budget.

« Dark Matter Production (usually) requires interaction with SM. 7
>/ Ordinary
Matter

 |f DM € DS: Portals between the visible and dark sector.

~ Dark
Matter

CP-violation :
« The SM of particle physics allows for CP-violation (CKM matrix)

* CP-violation in the SM is not enough to explain matter-antimatter asymmetry

e CP-violation in Hidden sectors or Portals ?

CP-violating portals to Dark Sectors 1



Portals

CP-violating portals to Dark Sectors



Portals

Abelian Kinetic Mixing:

« Additional U(1) abelian dark gauge group

B X
Kinetic Mixing at renormalizable level: %BWXW SM W@JUULQ&/— DM

e can naturally be O(1) but experiments yields € << 1

CP-violating portals to Dark Sectors 2



Portals

Abelian Kinetic Mixing:

« Additional U(1) abelian dark gauge group

X
- Kinetic Mixing at renormalizable level: %Bl‘“/)(‘W SM NWAW DM

* € can naturally be O(1) but experiments yields € << 1

Scalar Portal:

« Additional Dark Scalar neutral under SM

- Interaction at renormalizable level: K |H|2|5'|2 SM ------------- ®. ............ DM

« SSB ({S) # 0) and mixing.

CP-violating portals to Dark Sectors 2



Non Abelian Kinetic Mixing

B 2, : Scalar fields in the adjoint of SU(N)
* Introduction of a SU(N) Non Abelian Dark Sector ) —

~ XJ:N?—1gauge bosons

CP-violating portals to Dark Sectors



Non Abelian Kinetic Mixing

B 2, : Scalar fields in the adjoint of SU(N)
* Introduction of a SU(N) Non Abelian Dark Sector ) —

~ XJ:N?—1gauge bosons

CP-even

« EFT description of kinetic mixing —%Tr X" B,

CP-violating portals to Dark Sectors



Non Abelian Kinetic Mixing

B 2, : Scalar fields in the adjoint of SU(N)
* Introduction of a SU(N) Non Abelian Dark Sector ) —

~ XJ:N?—1gauge bosons

CP-even CP-odd

~

» EFT description of kinetic mixing —%Tr (XX*]| B, — %Tr Y X"] B,

CP-violating portals to Dark Sectors



Non Abelian Kinetic Mixing

* Introduction of a SU(N) Non Abelian Dark Sector ) —

« EFT description of kinetic mixing —%Tr X" B,

SSB of SU(N)

CP-even

G

2

"B, — —gbaX“”BW

CP-violating portals to Dark Sectors

/Za

: Scalar fields in the adjoint of SU(N)

~ XJ:N?—1gauge bosons

CP-odd

~

C 3

, — —Tr[SX"] B,

A

- (£%) = v%: Scalar Mixing and low energy operators:



Non Abelian Kinetic Mixing

B 2, : Scalar fields in the adjoint of SU(N)
* Introduction of a SU(N) Non Abelian Dark Sector ) —

~ XJ:N?—1gauge bosons

CP-even CP-odd

~

» EFT description of kinetic mixing —%Tr (XX*]| B, — %Tr Y X"] B,

« SSB of SU(N) = (£Z%) = v%: Scalar Mixing and low energy operators:

* Kinetic Mixing parameters naturally small

v

€a v € a VT
—§Xg BW—§¢ X" B,

« New source of CP-violation

CP-violating portals to Dark Sectors 3



EDM

CP-violating portals to Dark Sectors



EDM

« CPV interaction of spin 1/2 particles with EM fields

* QFT description: £L = — % d LTJG”"y5L|JFw

CP-violating portals to Dark Sectors



EDM

« CPV interaction of spin 1/2 particles with EM fields EDMs are the most

v

sensitive observables!

* QFT description: £L = — % d LTJG”"YSLpFw
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EDM

« CPV interaction of spin 1/2 particles with EM fields

* QFT description: £L = — % d LTJG”"YSLpFw

Electron EDM;

eEDMs is the most sensitive to CPV
CPV in the SM predicts: d. 7= 10735 cm

[Ema et al. (2022)]
Experimental deviations hint at New Physics

CP-violating portals to Dark Sectors

v

EDMs are the most
sensitive observables!

Upper bound on |d,| (e - cm)

JILAeEDM 4.1 x 1030
ACMEII 1 x10-30
YBF 1x 1031
BaF(EDM3) 1x 1033




EDM

« CPV interaction of spin 1/2 particles with EM fields EDMs are the most

v

sensitive observables!

* QFT description: £L = — % d LTJO'”VYSLDFW

Electron EDM:
Upper bound on |d,| (e - cm)

« eEDMs is the most sensitive to CPV JILAeEDM 4.1 x 1030
: : ACMEII 1 x10-30
 CPV in the SM predicts: d.?= 10735 cm
[Ema et al. (2022)] YBF 1 x 10731
* Experimental deviations hint at New Physics BaF(EDM3) 1 x 10-33

Expect significant improvements of the current JILAeEDM sensitivity in the coming years!
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eEDM: prediction

Assumptions:

* One Dark boson and one Dark scalar mix with SM

« Dark Sector at the same energy scale: v ~ my ~ My
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eEDM: prediction

Assumptions:

* One Dark boson and one Dark scalar mix with SM

« Dark Sector at the same energy scale: v ~ my ~ My

de

= 32720

3Ye

e Btanye f(My, Mg, M)
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eEDM: prediction

Assumptions:

One Dark boson and one Dark scalar mix with SM

« Dark Sector at the same energy scale: v ~ my ~ My

—— JILA eEDM

—— ACME llI
— YBF

—— BaF(EDM3)

s =

Y
z, x4 N hoo
| —» > AN [
3Ye
39720 e? Btany e f(Mx,mg, my)

1071

My [GeV]

100

10!

102 CP-violating portals to Dark Sectors

» Parameter space probed by eEDM sens.

« Scalar mixing parameter § < 1072

[T.Ferber et al. (2024)]

« Constraints on € from colliders and beam dump




SU(2) and thermal DM
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SU(2)-U(1) :
* SSB of SU(2) via < X > # 0: unbroken U(1)

CP-violating portals to Dark Sectors



SU(2) and thermal DM

SU(2)-U(1) :
« SSB of SU(2) via < X > # 0: unbroken U(1)

* mCPs can account for up to 0.4% of DM

CP-violating portals to Dark Sectors



SU(2) and thermal DM

SU(2)-U(1) :
« SSB of SU(2) via < X > # 0: unbroken U(1)

* mCPs can account for up to 0.4% of DM

SU(2) - 9:

« “Standard WIMP” scenario disfavoured

CP-violating portals to Dark Sectors



SU(2) and thermal DM

SU(2)-U(1) :
« SSB of SU(2) via < X > # 0: unbroken U(1)

* mCPs can account for up to 0.4% of DM

SU2) - 0:

« “Standard WIMP” scenario disfavoured

« Small € and secluded WIMP Dark matter

CP-violating portals to Dark Sectors



SU(2) and thermal DM
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SU(2) and thermal DM

SU(2)-U(1) :
« SSB of SU(2) via < X > # 0: unbroken U(1)

* mCPs can account for up to 0.4% of DM

SU2) - 0:

« “Standard WIMP” scenario disfavoured

UV-completion

»
|

 Small € and secluded WIMP Dark matter Barr-Zee diagram

* No sizeable eEDM
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Inelastic Dark Matter

* |-D pushes WIMP DM mass = 30 GeV
[Planck,2018]

* D-D severly constrains € for DM > few GeV
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rPlanck 2018] « Fermionic DS with at least 2 states (xy,xs)

—* 7 * Mass splitting between xy and x5 (DM)

* D-D severly constrains € for DM > few GeV « yexs — SM fordibben
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Inelastic Dark Matter

. |- > o .
I-D pushes WIMP DM mass = ?P%riE,\Z/mS] « Fermionic DS with at least 2 states (xy,Xs)

— "« Mass splitting between x5 and x5 (DM)

* D-D severly constrains € for DM > few GeV « yoxs — SM fordibben

No DM annihilation No [-D bounds Am = 1MeV

Negligible D-D bounds
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No DM annihilation No [-D bounds Am = 1MeV

Negligible D-D bounds

NON ABELIAN DARK SECTOR ALLOWS THAT!
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Inelastic Dark Matter

. |- > o .
I-D pushes WIMP DM mass = ?P%riE,\Z/mS] « Fermionic DS with at least 2 states (xy,Xs)

— "« Mass splitting between x5 and x5 (DM)

* D-D severly constrains € for DM > few GeV « yoxs — SM fordibben

No DM annihilation No [-D bounds Am = 1MeV

Negligible D-D bounds

NON ABELIAN DARK SECTOR ALLOWS THAT!
* my . ~m,, S My ~ 1-10 GeV scale

* DM prod. via coannihilation xyxs = SM

* Q,h*=0.12 fore ~ 105 =103
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Inelastic Dark Matter

. |- > o .
I-D pushes WIMP DM mass = [3Pcll1r(1if,\2/018] « Fermionic DS with at least 2 states (xy,Xs)

— "« Mass splitting between x5 and x5 (DM)

* D-D severly constrains € for DM > few GeV « yoxs — SM fordibben

No DM annihilation No [-D bounds Am = 1MeV

Negligible D-D bounds

NON ABELIAN DARK SECTOR ALLOWS THAT!

© my ~my, S My ~ 1-10 GeV scale « Cosmo bounds inefficient
* DM prod. via coannihilation xyxs = SM « PS not covered by X — inv. decay searches at labs
« Q,h*=0.12 fore~107°+ 1073 * Future eEDM sensitivities can probe the model
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Summary

Non-abelian Dark sector allows for kinetic portals with small €

Non-abelian Dark sector allows for a CP-violating phase

Scalar and kinetic mixing + CP-violation signals can be traced in eEDM

Model of iIDM can be probed by the future searches for a permanent eEDM!

Thank you for your attention!
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UV completion

« EFT call for UV completion

« Heavy vector-like fermion ¥ charged under SU(N) @ U(1)y

 Physical phase x in Yukawa-like scalar couplings Y

UV Lagrangian:

Ly D igY Uy, UB" +igpU X!y, U — AURU; — YURYNT + h.c

UV-EFT matching

_ gaYgRe Y] = gaYglm[Y]

v

C

C
16702 1672

CP-violating portals to Dark Sectors




EDGES anomaly and milli-charged particles

Spin flip of an electron after recombination epoch results in

emission/absorption of 21-cm radiation Emission
)

This can give important information on the Universe —
Absorption

EDGES has detected a primordial abosorption corresponding to

to a 21 cm radiation at z ~15-20

100 B=10"2%tany=1

This would suggest a lower baryons temperature / J
10714 :
Baryons-mDM could cool T through Rutherfor scattering 10-2. _--
Small fraction of DM can cool the gas efficiently over a wide 107
range of mass 10-4]
WMAP |

107>
—— JILA eEDM
— ACME llI
10°° — YBF
BaF(EDM?)
L 10~/ . . . . ;
CP-violating portals to Dark Sectors 103 10-2 101 10° 10! 102 103

My [GeV]



A model for Inelastic Dark Matter

—

* 3 gauge fields X'

* SU(2) Dark group with matter content: —  « 2 scalar fields in the adj. £%,%¢

X = O xi)

* Yr = (kYR

Mass term: —MpXLYR — Z Y7.iX$ 1025 XL — Z YriYRioo; g + h.c.

1=1,2 t=1,2

SU(2) fully broken by: (Z,) = (0,v,,0); (¥3) = (0,0, v3)

~—

e 2 Majorana SU(2) doublet{

Dirac masses: M; = mp + vY; — vYy; M, = mp + vY; + vY,

Off-diagonal currents with X, and X5 and inelatic dark matter scenario.

CP-violating portals to Dark Sectors



Laboratory bounds

1072
: e M _X between 1-10 Gev
N E787,E949 BESIII
——  Eps. Between 107> + 1073
(g-2) favor
107° & : BaBar
= /\ * Parameter space can be probed by eEDM
L e V
107 =
E NAG4
107° =
: 1 11 1 111 | | 1 1 1 1 11 I| 1 11 1 111 | 1 1 1 1 111
107 1072 107" 1 10

m.. (GeV) [BESIII,2023]
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Scalar leptoquarks for R +)

(based on 2404.16772)
EFT 2024 Summer School
|
=5 | FME 08 Josef Stefan Institute
o @® @ Ljubljana, Slovenia
UNIVERZA | Fakulteta za matematiko @
V LJUBL]JANI | in fiziko
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Motivation

> Standard Model cannot address Dark Matter, BAU, Neutrino masses...

= Need for New Physics: Direct searches at LHC - Indirect searches at low energy

>Indirect searches - Test SM (accidental) symmetries

&
: : : T ion (I';/T
Flavour physics: test lepton flavour universality YY" PECAY MODES Fraction (I'i/T)
AN [b] (10.86+ 0.09) %
eT v (10.71+ 0.16) %
ut v (10.63+ 0.15) %
TV (11.38+ 0.21) %
hadrons (67.41+ 0.27) %
Z DECAY MODES Fraction (I';/T)
et e Al ( 3.3632+0.0042) %
ut T h]  ( 3.3662=+0.0066) %
o I o h]  ( 3.3696+0.0083) %
AN [b,h] ( 3.365840.0023) %

aé; e, [PDG 2024]




Motivation

> Standard Model cannot address Dark Matter, BAU, Neutrino masses...

= Need for New Physics: Direct searches at LHC - Indirect searches at low energy

>Indirect searches - Test SM (accidental) symmetries

w+ DECAY MODES

Fraction (I';/T)

Flavour physics: test lepton flavour universality

AN [b] (10.86+ 0.09) %
e+7/ (10.71:: 0.16) %
ut v (10.63+ 0.15) %
2BUT: current measurements Ty (11.38+ 0.21) %
hadrons (67.41+ 0.27) %

of semi-leptonic B-meson
decays appear to tell a
different story!

Z DECAY MODES

[PDG 2024]

Fraction (I';/T)

h
h
h
[b,h

( 3.3632
( 3.3662
( 3.3696
( 3.3658

0.0042) %
0.0066) %
0.0083) %
0.0023) %



Observablesin b — cfv

7~ 0.4 | I | 1 | | L L L 1 1 | | | | I 1 1 r 1 1 1 | I D | LI L 1 | | 1 1 1 1 1

() % B | | [ | | | | ]

R _ F(B — D TV) € _ S - Ay* = 1.0 contours -

D) — P(B N D(*)éy) ? o 67 ’u oz — Summer 2023 i

0.35 . BaBar

_ Belle -

: : " Bellell Bty T -

> Test of lepton flavour universality = = / .

03 . N -

- Belle® = LHCb* -

. . . R : ; )

> Theoretically clean; hadronic uncertainties 025 - AR ST — ' ) .

cancel in the ratio = -

— World Average m

02— +HFLAV SM Prediction R(D)=0.357 =0.029,,, T

o S ~ R(D) = 0.298 = 0.004 R(_D_’g);70'284 £0.012,, =

>SM predictions significantly smaller than N | | 1‘3(;:;);33% | -
experiment, combined deviation: ~ 3.3 ¢ 02 025 03 035 04 045 05 055

R(D)

= Violation of LFU? New Physics coupled to b and 7?



Possible explanations

Loery = —QﬁGFVcb[ (1 + gv,) (eLy"br) (TLyvuvrr) + gvi (ERY'OR) (TLYuVrL)
EFT study - Ayp = mpyp/Cyp ~ O(1 — 3)TeV

+ 9g, (CrbL) (TrV-L) + 97 (CROM L) (TROWV-L) ]

>Possible NP solutions: W', Charged Higgses, Exotic

neutrino Interactions... b T
>0r LePtoquarks' (SU(3),SU(2),U(1)) | Spin Symbol Type F \ LQ c

(3,3,1/3) 0 Ss LL (S —2 \
(3,2,7/6) 0 R, RL (SL,), LR(SE,) 0 \
(3,2,1/6) 0 R, RL (S,), LR(SL),) 0

(3,1,4/3) 0 S, RR (SF) —2

(3,1,1/3) 0 S LL(SY), RR(SE), RR(SE) —2
(3,1,-2/3) 0 S RR (S&) —2

(3,3,2/3) 1 Us LL (Vi) 0

(3,2,5/6) 1 Vs RL(VL,), LR(VE) —2
(3,2,-1/6) 1 RL(VE,), LR(V{},) -2

(3,1,5/3) 1 U, RR (V) 0

(3,1,2/3) 1 U,  LL(VY), RR(VE), RR(VE) 0
(3,1,-1/3) 1 U, RR (Vi) 0

(1603.04993)



Possible explanations

Losery = —2\/§GFVcb[ (1 + gv,) (eLy"br) (TLyvuvrr) + gvi (ERY'OR) (TLYuVrL)
EFT study - Ayp = mpyp/Cyp ~ O(1 — 3)TeV

+ 9g,'(CrbL) (TrV:-L) + 97 (CROM L) (TROWV-L) ]

ZPossible NP solutions: W/, Charged Higgses, Exotic

neutrino interactinne

h T
(SU(3),SU(2),U(1)) | Spin Symbol Type F \/
(3,3.1/3) 0 S- LL(ST) —2
(3,2,7/6) 0 R, RL (S%,), LR(SE, 0
2O0r Leptoquarks (3,2.1/6) 0 R, RL(S%,), LR(SE,, 0 \ LQ
| 57173 . s. e — . ,‘ R \
(3,3,2/3) 1 Us LL (Vi) 0
(3,2,5/6) 1 Va RL(V}},), LR(V{,) —2
(gv 2, _1/6) 1 Y2 RL (V11/12)7 {’—R (V1}/22) —2
(3,1,5/3) 1 U, RR (V5?) 0
(3,1,2/3) 1 U,  LL(V&), RR(VE), RR(VE) 0
(3,1,—1/3) 1 U, RR (VR) 0
(1603.04993)



Constraints on LQ models

>Collider bounds: Direct searches (M}, 2 1.5 TeV), high-p tails in
pp — 1T, pp — TU

>Electroweak precision: Z — 17,/ = vv, T = LU

> B-physics observables: B, — B, mixing, B — Kvv, B. — v, B, — 77,
B — Krtt, angular observables



IX

. .« . . 17 Na a 1] — T.a abr1bd
zConsider minimal coupling texture Lr, =Yg QiejRy + yp ur Ry €™ L7 + h.c.
mpr, = 1.5 TeV
00 O 00 O 3;[2404.16772]

yr= (00 0 |, yr =00y .
00y 00 0

1

— g

| 5 0f Lo

2Ry can be accommodated :) > = |
1L
zBut: high-p; - data excludes the viable |
parameter space :( T
_3 L




L = —yLdRS e Q" RNg + h.c.
mep = 1.5TeV
s —
00 O 0 [2404.16772)
YL 00 O 9 Yr Yn ) s PD = TT, TV
0074 0
2.0+
G 15
»Again, Ry can be accommodated :) >
[.0
»But B — Kuvv is too severely affected _
0.5
Belle-I1 BT — K vv
0.0 | | | | |
0.0 0.5 [.0 1.5 2.0 2.5 3.0
~bT
Jr



S| - part|.

Ls, =y7 QT e® L8 S, + y3ue; Si + hec.

1

mg, = 1.5 TeV
00 0 i
| -[2404.1677?]
yr=100yy |, yr =0 |
00 ybr 0]
0.5
20nce again, Ry can be ;;f 0.0 | Bl
accommodated S
~0.5}
L . — -1.0f
ZBut this time the effectin B, — B, is |
slightly too large ~15k




S - partl.

Lg, = ?/g Qic,a e’ Lg S1 + yg Eej S1 + h.c.

mg, = 1.5 TeV
00 O 00 O
yr =100 0 |, yr= 100 yx %
00yr 00 0 | 5 N

=TT

7=l

zNeed right-handed couplings

—>evade B, — B, mixing constraint

2 Successfully accommodate R+ and
consistent with other observables :)




Summary and conclusion

>Hint for the New Physics in b — c¢Zv transitions

>Explored 3 different minimal TeV-scale LQ models

=O0Only S, with left and right-handed couplings phenomenologically viable

”Can be tested in B — D)7y angular observables

o EET PR APy A7y ™
LHCD - §
Belle II o .
. E D
Sl .: :.
' ——
: D*
‘()6“.08.“10“.12“‘14 ‘‘‘‘‘ 000510150708091011
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Thank you for your attention!
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Testing the Standard Model

e Flavor observables (e.g.: AMy, AM;) put strong constrains on the Standard Model
e Unitarity triangle by CKMfitter, UTfit:

= L /
1.2
- YTt €
[ summer22
o7 T T T T J 1= Amy
2 5 Amy& Am, s 3 L Amg
05 B2t my K Seigzt T B Amy
@ u 0.8 /.
05 5 = B /
Ll I w/ cos 26 < 0 4
B (excl, atCL > 0.95) b= r
04 5 — 06~
= g ~y 3 c /_‘/Q
03 PR o %7,
b = 041 - o
0.2 - g
ol = 02 Vo
0.1 Ly | o by o
| B q r / /lcb
| F B T T
00 Bl v T e, 1 L ! o =T 1 | |
0.4 02 0.0 02 04 06 08 10 02 0 02 04 06 08 1 1.2
p P

L Josua Scholze

EFT 2024



http://ckmfitter.in2p3.fr
https://doi.org/10.48550/arXiv.2212.03894

Content

» Introduction into B meson mixing
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Mixing of neutral B mesons

Weak interaction allows mixing:

o My — ittt My, — it
Hamiltonian: H =M — il'/2 = ( nore 12707 ) for the states (g(t»)

.T .T
My —i73" My —i732

Diagonalization of H gives mass states: |[By) = p |B) + q|B),|B.) = p|B) — q|B)

M;5: off-shell contribution from: u,c,t, W

I'12: on-shell contribution from: u, c

2 Josua Scholze EFT 2024




Physical observables

e Three independent observables: (in B system: |T'13| < [M12]) SM pred. for B
— Mass difference: AM = My — M| = 2|My| ~ 18ps~!
— Decay width difference: AT =T, — Ty = —Re (1\%) AM ~0.1ps—!
— Semileptonic CP asymmetry: agy = Im (A%i) ~2.10°
Experimentally from semileptonic decays: ;gg:;wg;;gg:ﬁg
14 .

e Up to now measured precisely: AM;, AMy, Al

e Need to improve prediction of AT's: by a factor 3

3 Josua Scholze

EFT 2024




Content

» Theory for I'1y
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Obtaining I'1
e General procedure:

Standard Model AB = 1 theory AB = 2 theory
b w+ 5 5 5 b 3
———— —————
—— N NNAANT— s
S Vv— b - b S b

e AB = 2: Heavy Quark Expansion in A /m;, ~ 0.05
e AB = 1: Decomposition of I'19:

iz = = [ AT + 2Ac A5 + ATTY]

A A2
=X §%+27: (I —T3) + 15 (I — 215 + ‘1‘%)}
t

Josua Scholze

EFT 2024




Why do we calculate the ratio 'y, /M;5?

e Decomposition of I'15:

A A2

Pip == | T + 25 (0, ~T%) + 35 (05— 20 + 1)
At Af

e Factor )\,_? appears also in M1 = cancels in the ratio I'19 /M19

'
M,

e Forag = Im <

>: I'{5 doesn’t contribute = dependence on m,

5 Josua Scholze EFT 2024




Why do we calculate the ratio 'y, /M;5?

Decomposition of I'9:

A A2
P =15 + 23 %~ T + 4 (- 208 + 1)
t

Factor )\,_? appears also in M1 = cancels in the ratio I'19 /M19

'
M,

With AB = 2 Wilson coefficients Hy, that contain AB = 1 Wilson coefficients:

T'1y oy Ho, (B|QP"=%|B)
i

For ag = Im < >: I'{5 doesn’t contribute = dependence on m,

e M, contains just one factor (B|Q*5=2|B) = cancellation with T';5 possible

5 Josua Scholze EFT 2024




Matching procedure for I';,

e Goal: obtain AB = 2 Wilson coefficients at 19 used by lattice QCD
e use of Renormalization Group Equation (RGE): M%E(M) = 7C()

energy

e _ running
Mw = Ho G257 (o) and 1. Match SM to 5-quark AB = 1 theory:

U, 1) matching integrate out W=, Z and top-quark
2. Run down to ;

T CAP= () <—>ij?322(#1) 3. Match AB = 2 to AB = 1 theory

, R

HaT HP=2 () Q) (1) 4. Adapt to p
AQCD T

6 Josua Scholze EFT 2024
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Unitarity Triangle: A geometric picture for CP violation

e CKM matrix is unitary: VIV = 1 e [quarkg,ou = V [auark] ..
— VudV;kb + VCdV:b + Vde:b =0 o v 7
e Area predicts amount of CP violation B -
V= Vcd Vcs Vcb
Via Vis Va

(P; 1)

VudViy
VeaV,

® o
~ o @ -

The Unitarity Triangle

Josua Scholze

EFT 2024




Current status of the Unitarity Triangle

1= 1
2 [UTg¢
e Assume the Standard model r K
o . . . 11— SM fit Am
e Use all available information: global fit r e
L Am,
0.8_'— /
— Shows good overall consistency 0.63_ //
— Favours inclusive determination of | V| % 4
0.4 y o
. . . L= /
e For scenarios with New Physics: 02f- Voo
T . L v,
— Trge-only Un!tar!ty Tr!angle b Wt B
— Universal Unitarity Triangle 02 0 02 04 06 08 1 1%

Fit results from UTfit collaboration

8 Josua Scholze EFT 2024



http://utfit.org/UTfit/ResultsSummer2023SM

Content

» Implementation in HEPfit

Josua Scholze | EFT 2024



What is HEPfit?

Fitter for High Energy Physics

Choose your model (e.g. Standard Model): "IIEifltl

— fit Model parameters to experimental constraints
— predict observables

©HEPfit collaboration

Calculates probabilities with Bayesian statistics

Optimized for Monte Carlo analysis

Broad usage in phenomenology: Flavour and BSM physics. ..

9 Josua Scholze EFT 2024




What did | add?

e |nput parameters:

— Subleading bag parameters for non-perturbative matrix elements:  for I'y /,,
— Experimental values of AM: for prediction of AT’

e Calculation of I'19 /M19

e Observables for AI" and ay
— Taking different orders in cs:  LO, NLO, NNLO

— For different mass schemes: pole, MS, Potential Subtracted
— Using the Renormalization independent scheme
— Including partial contributions of higher orders

10 Josua Scholze

EFT 2024




The C++ code for I'5

e Too long for my slides ... but available over HEPfit on GitHub

38 B

370 * @F$\Gamma_{21)§$ n NNLO from Marvin Gerlach (2205.67967 and thesis) -

n * /

72

373 // Values of the products of CKif elements

378 gslpp: :complex lambda_c_d; /* V_cd* V_cb */

375 gslpp: :complex lambda_u_d; /* V_ud* V_ub */

376 gslpp: :complex lambda_c_s; /* V_cs* Vcb */

377 gslpp: :complex lambda_u_s; /* V_us* V_ub */

378

379 gslpp gs1pp: : complex> vector< gslpp::complex > result, orders order);

380

381 /Values of DB=2 Wilson coefficients (Gerlach thesis)

382 gslpp: :vector<gslpp: :complex> ¢_H(quark q, orders order); //require compute_pp_s and Wilson coefficients in Misick basis
383 gslpp::complex H{quarks qq, orders order); /*Values of contributions to the DB=2 Wilson coefficients for B_d (Gerlach thesis) */
384 gslpp: :complex H_s(quarks qq, orders order); /*Values of contributions to the DB=2 Wilson coefficients for B_s (Gerlach thesis) */
385

38 B // Values of DB=2 Wilson cosfficients (Gerlach thesis) separated for

387 // ¢-12-12 (10, HLO, NNLO), C-12-36 (L0, NLO), C-36-36 (LO, NLO),C-12-8 (LO, NLO), C-36-8 (L0, NLO), C-8-8 (LO)

388 gslpp: :vector<gslpp: :complex> ¢_H_partial(quark q, int i);

389 gslpp: :vector<gslpp: :complex> H_allpartial(quarks qq);  /*Values of partial contributions to the DB=2 Wilson coefficients for 8_d (Gerlach thesis) =/
390 gslpp: :vector<gslpp: :complex> H_s_allpartial(quarks 4q); /*Values of partial contributions to the DB=2 Wilson coefficients for B_s (Gerlach thesis) */
301 gslpp::complex H_partial(quarks qg, int i_start, int i_end, int j_start, int j_end, int n);

392 gslpp::complex H_s_partisl(quarks qq, int i_start, int i_end, int j_start, int j_end, int n);

393

304 // Values of the coefficient functions needed for D8=2 Wilson coefficients (Gerlach thesis)

395 double p(quarks qa, int i, int j, int n, bool flag_| false);

306 double p_s(quarks qg, dnt 1, int j, int n, bool flag_| false);

397 double lastInput_compute_pp_s[4] = {NAN, NAN, NAN, NAN};

398

399 //Values of the cosfficient functions needed for DB=2 Wilson coefficients (Gerlach thesis)

400 double cache_p[768] = { 0. };

01 double cache_ps[768] = { 0. };

402 //Values of the coefficient functions in L0 in z needed for DB=2 Wilson coefficients (Gerlach thesis)

403 bool Flag L0z = true;

404 double cache_p_LO[576] = {0.};

405 double cache_ps_LO[576] = {0.};

406

407 /1 Method to compute coefficient functions needed for DB=2 Wilson coefficients (Gerlach thesis)

408 void compute_pp_s();

09
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Comparison with measurement

Predictions using the UT analysis Experiment (HFLAV [2206.07501])
= (0.071+0.011) ps AT = (0.083 + 0.005) ps—*
af = (2.27+0.13) x 107° af, = (—60 +280) x 10>
Iy =(2.11+0.33) x 1073 ps~! Al'y = (0.7+6.6) x 10 3 ps~!
‘j (—5.26 +0.30) x 10~* ad = (-21+17) x 1074

e Agreement between theory and experiment within 1 sigma

e Smaller theory uncertainties in AT than without UT analysis (0.017 ps~1 for AT)

12 Josua Scholze | EFT 2024




Renormalization scale dependence: AT’

MSLO e PS LO Pole LO
gls |77 MSNLO === PSNLO  -==- Pole NLO e important consistency check v/
—— MS NNLO —— PS NNLO —— Pole NNLO

e known characteristics:
— 1 scale dependence shrinks
by including higher orders

— Potential Subtracted (PS) and
MS scheme behave better than
the pole scheme

— consistent with experimental
measurement (grey band: 1o)

3 T T T T T T T
2 3 4 5 6 7 8 9 10

1 = pp = fie [GeV]
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Renormalization independent scheme

e Renormalization prescription
for the Rl scheme:

<F|Qi|1>)\ = <F|Oi|1>tree

e Ensures to all orders:

(B|Ro|B) = © ( A )

my

e Conversion only known to NLO

— No significant improvement
through the Rl scheme

—— MSNLO  --— MSNLORI
— PSNLO  ---- PSNLORI
rs 6 1 s 9 10

= = pue [Gev]
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Conclusions

Implemented AT and ag for different mass schemes in HEPfit

Updated theory predictions within the UT analysis AT = (0.071+0.011) ps—1

Compared scale dependence of different schemes and orders

Future: Phenomenology studies of rare processes
Extension to physics beyond the SM
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Thank you for your attention.

Any questions?
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General sources

e “Effective Theories for Quark Flavour Physics” by Silvestrini

e “Three Lectures on Meson Mixing and CKM phenomenology” by Nierste
e “Meson width differences and asymmetries”, thesis by Gerlach

e “CP violation in the BY system” by Artuso et al.

e “Gauge Theory of Weak Decays” by Buras

e “HEPfit Manual” by de Blas et al.
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https://arxiv.org/pdf/1905.00798.pdf
https://arxiv.org/pdf/0904.1869
https://publikationen.bibliothek.kit.edu/1000146636
https://arxiv.org/pdf/1511.09466.pdf
https://doi.org/10.1017/9781139524100
https://arxiv.org/pdf/1910.14012.pdf

Renormalization scale dependence: partial N3LO effects

7
—— MSNLO ~== MBS partial NNLO
—— MSNNLO  —-= IS partial N3LO
e N3LO pieces from products 6
of NLO and NNLO factors 2
e No large shift of the central value i e
e Not RGE invariant A
4
— Only a first impression of N3LO effects o
3
2 4 6 8 10

1= i, = e [GeV]
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Renormalization scale dependence: ag

107
a;l 10

MSLO e PS LO Pole LO
181 ——— MSNLO ---- PSNLO ~==- Pole NLO
—— MSNNLO —— PSNNLO —— Pole NNLO ~~
17 . . . . . . .
2 3 4 5 6 7 8 9 10

= iy = pe [Gev]

e 11 scale dependence shrinks
by including higher orders

e MS scheme behaves worse
than the other schemes

Josua Scholze
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AB = 1 Effective Hamiltonian

as=1 _ Gr

Hyg = = \/E{ |:<V:qud (C10Q1 + C202) + Vi Veq (€107 + C2Q3) + (¢ +» “))

6
—VipVia (E CiQ;i + Cchsc) } + h.c.

i=3

+ |d—s

e operator in traditional basis [hep-ph/9211304], [hep-ph/0308029]:

Q1 = (big)v—a(Wdi)v-a, Q2 = (bici)v—a(Wd;)v-a,

Q5 = (bic))v—a(Gdi)v—a, Q5 = (bici)v—a(Gdj)v—a,

Qs = (bidi)v-a ) (G)v-a, Qs = (bid))v-a >_(@i)v-4,
q q

Qs = (bidi)v_a Z(qf%)v+A> Qs = (bidj)v—a Z(C_ijq:‘)VJrA,
q q

Qs¢ = %mbi)iaﬂy <1 - ’75) t;}deZV

Josua Scholze
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https://arxiv.org/pdf/hep-ph/0308029.pdf

AB = 1 Effective Hamiltonian

— G * * C C
HeP=' = 2L { |:<Vcqud (C101 + C20Q2) + Vi Veq (€107 + C2Q3) + (¢ U))

V2
} + h.c.

+ |d—s

6
—VipVia (Z CiQ:i + C8GQSG>

i=3

e to diminish problems with ~s:

alternative basis by Chetyrkin, Misiak and Miinz [hep-ph/9711280]
known up to NNLO and transformation to traditional basis up to NLO

20 Josua Scholze EFT 2024



http://arxiv.org/abs/hep-ph/9711280

Operator basis for AB = 2

2.2 _ _ ~ ~
o Result: T = it [H(z)(BIOIB) + Hs(zMBIOSTB) + Hs(z) (BIOS[B)] + T'ym,

e with dimension 6 operators:

Q = sy ( )b SJ’YM( _75)bj
Qs =5 (1+7°) bi 5 (1 +~°)b;
Qs =58 (1+7°)b;§ (1+7°) by

~ A
R0=2a1Q+Qs+a2QS:O(m> ,atl0inag a; = ag =1
b

e old choice: use Q and Qg [hep-ph/9808385], implemented from [hep-ph/0308029]
e better alternative: use Q and Qg [hep-ph/0612167] to cancel (B|Q|B) in AT /AM

21 Josua Scholze | EFT 2024



http://arxiv.org/abs/hep-ph/9808385
https://arxiv.org/pdf/hep-ph/0308029.pdf
https://arxiv.org/pdf/hep-ph/0612167.pdf

Switch to the Rl scheme for AB = 2 operators

e renormalization prescription for the Rl scheme [hep-ph/9501265]:
<F’Qiu>>\ = <F|Qi|I>tree

e ensures to all orders: (B|Ro|B) = O ( A )

m,

e conversion only known to NLO [hep-lat/0110091]:

(Q(w)) s (Q(1)) —42+72log2 0 0
(Qs(m)) = [1+r123 Z: ] (Qs(p)) | 1123 = 5 0 61+ 44log2  —7+28log?2
(Qs(p)) (Qs(p)) 0 ~925428log2 —29 + 44log?2

MSs

RI
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https://doi.org/10.48550/arXiv.hep-ph/9501265
https://arxiv.org/pdf/hep-lat/0110091.pdf

Resummation of logarithms

¢ dominant z-dependent contribution at order o from afzIn" z
e change renormalisation scheme [hep-ph/0307344]:

3

m; (ﬁc) - m; (ﬁb)
i (1) T 7y (M)

~
~

NN

e important for semileptonic asymmetry (of order z)
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https://arxiv.org/pdf/hep-ph/0307344.pdf

M Universitat I—I_‘Swiss National
e ) Ziirich*™ Science Foundation

Jet Bundle Geometry of
Scalar EFTs

Mohammad Alminawi (Speaker) - University of Zurich

Ilaria Brivio — University of Bologna
Joe Davighi — CERN

Zurich EFT School 2024

Mohammad Alminawi - Zurich 2024 1



D Scalar Effective Field Theories

L=V 450, (#)0,$104¢/ +0(8*)
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p Outline

* Motivation for geometric formalism

* Motivation for bundle formalism

* Introduction to bundles and jets

* Non-derivative field redefinitions as diffeomorphisms

* Amplitude calculations on 0-Jet bundle
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P Motivation for Geometric Formalism

* SMEFT and HEFT are the main way to extend the standard model

SM c SMEFT ¢ HEFT
* Map from SMEFT to HEFT is well defined. Inverse is tricky.

* Exploit geometric techniques to identify when HEFT is needed.

[T. Cohen, N. Craig, X. Lu and D. Sutherland, arXiv:2008.08597]
[R. Alonso, E.E. Jenkins and A.V. Manohar, arXiv:1602.00706]
[R. Gomez-Ambrosio et al., arXiv:2204.01763]
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https://arxiv.org/abs/2008.08597
https://arxiv.org/abs/2108.03240
https://arxiv.org/abs/1602.00706
https://arxiv.org/abs/2204.01763

D Motivation for Bundle Geometry

* Previous geometric formulations
[R. Alonso, E.E. Jenkins and A.V. Manohar, arXiv:1605.03602 ]

1 . .
L = Egij(')uqb‘(')“gbf -V + 0(04)
[A. Helset, A. Martin and M. Trott, arXiv:2001.01453]
* Using jet bundles1

L = EQUGMlea‘qu] —V + 0(64)

[M. Alminawi, I. Brivio and J. Davighi , arXiv:2308.00017]
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https://arxiv.org/abs/1605.03602
https://arxiv.org/abs/1605.03602
https://arxiv.org/abs/2308.00017
https://arxiv.org/abs/2108.03240
https://arxiv.org/abs/2001.01453

D Motivation for Bundle Geometry

* Full Lagrangian obtained from geometry

1, _ . .
L =5(77 L") g)
* Transformation rules of physical amplitudes indicate that they are
combinations of momenta and tensors

2 — — —
V;{ul(;tzr;tgtkdj + g ('SIERHI{(I;5(14)QZ + 813 erl{ug(kdjflg + 514Rfll{ﬂ2ﬂ3)ﬂ4)
[T. Cohen, N. Craig, X. Lu and D. Sutherland, arXiv:2108.03240]

* Only tensors that can be constructed from a metric with a torsion

free connection are of the form V*R™ where n, m are integers
[M. Alminawi, I. Brivio and J. Davighi , in progress]
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P Whatis a Bundle?

(2,7) (E. ‘3“) (TE, 3(.>)

/
¢ % A 1 1A
*r ARl A
. % oGP
i 2 [ [ b
A A\
A 1l
\ A P2
~ N B il bt e g
0 ¢C-) X" e

\’</

24 ()
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P Whatis a Bundle?

* Consider two manifolds X and E with coordinate charts {x"} and
{x“,u‘} and amap m: X = E thenthe triple (%, E, m) forms a bundle

* Local inverses to the map m are called sections ¢ and they are
defined by
¢ oxt = xt
¢ oul = ¢
* Sections give us the tools to obtain fields and their derivatives
from coordinates on bundles

D. J. Saunders, The Geometry of Jet Bundles, doi:10.1017/CB0O9780511526411

Mohammad Alminawi - Zurich 2024 8


https://doi.org/10.1017/CBO9780511526411

P Whatis a Bundle?

M
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P Whatis aJet?

* Two sections ¢, Y are called 1-equivalent at some pointp € E if

we have ( ) ( )
d(¢p out d(yY out
b®) = P(p) e Ml |

* The equivalence class containing ¢ at p is called the 1-jet and is
denoted j, ¢

* The set of all 1-jets is referred to as the 1-jet bundle and it
naturally has the structure of a smooth manifold

Mohammad Alminawi - Zurich 2024 10



D Field Redefinitions on Bundles

* A non-derivative field redefinition in the Lagrangian is equivalent to
a diffeomorphism on the bundle

* Consider transformations that leave spacetime unchanged

its

fo JIE JIE
E > E J{’J‘Tl,n J{PLU
\ / E / s B
w P \ /
™ p
2 2
Morphism on 0-Jet Bundle Morphism on 1-Jet Bundle

Equivalenttoy = fz ° ¢ Equivalenttoj'i = jif o ji¢
J

Mohammad Alminawi - Zurich 2024 11



Diffeomorphism vs. Coordinate
Transformation

<

* Tensors are coordinate independent, thus a coordinate transformation
x — y(x) leaves the metric unchanged S

ox' dx’ Jvagyb —

aya ayb y y — g

* In contrast a diffeomorphism of the form x — y(x) transforms the
metric as follows

g = g;;(x)dxtdx) = g'qp (y(x))dy*dy® = g;;(x)

b
oy” 0y ~dxtdx/

dxt 0xJ

g = gij(x)dx'dx) - ggp(y(x))

dxt dxJ
* Where now g, (y(X)) * gij(x) a;a a;b

Mohammad Alminawi - Zurich 2024 12



P Riemannian Metric on Jet Bundle

1
L—E(U

1, (") g)

G'¢)'g =gpdx* @ dx¥

_|_

gijd9’ ® dep’ |+ gt de), ® dp)

+9i,d¢’ ® dx#+ gl.dol ® de’ [+ gl dd), @ dx"

giin*vo,¢'o, ¢’ c L

g’ = V(p) +-- L

gl] npo- au¢iaaav¢j C L

Mohammad Alminawi - Zurich 2024
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P Amplitudes on 0-Jet

* Poincare invariance implies that our metric is block diagonal

Juw O
0 g

* Where g,,, = —%nWV has dimensions determined by spacetime
and g;; has dimensions determined by the number of fields

Mohammad Alminawi - Zurich 2024
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P Three Point Amplitude on 0-Jet Bundle

Mohammad Alminawi - Zurich 2024
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P Three Point Amplitude on 0-Jet Bundle

* Label the particles 1,2,3 and their flavors by a4, a, , a;

* Label quantities evaluated at the vacuum (typically ul = 0) with a
bar g;; = g;;(0). Derivatives denoted by a comma 0, g;; = 9ij k

* The Feynman rule for a 3-point interaction is given by

1y = 1 _ 1 _ L1
ETI Juv,aiayas + Egalaz,agpl P2 T Egalag,azpl " P3 Ega2a3,a1p2 " D3

Mohammad Alminawi - Zurich 2024
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P Three Point Amplitude on 0-Jet Bundle

* The momenta fulfill
ps = (py +p2)°
* The Christoffel symbols are defined as
[k = > Gkt ik — 95k1)

* For the momentum independent term

V5 — 2 2 2 2
T,H g‘uv,alazag - VagRalu a, _ Z(ml Falazag, + mZ Fazalag + m3 Fagalaz)

Mohammad Alminawi - Zurich 2024
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P Three Point Amplitude on 0-Jet Bundle

* Accounting for the symmetry factors the three-point amplitude is
given by

1
+ 4 J4 I
—1(—(?53 Ry paz + Vay Raypas + Va, Ragpas)

6

2 MAYE 2 AT S 2 2\
+ (le - T”’])l ajagaz T [?*’2 - ?”“2}1 agaraz T ('PE - T”:E}] usﬂ-zm)

* On-shell only the tensorial piece survives

Mohammad Alminawi - Zurich 2024
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P Two to Two Scattering

ay, p1 a3, P3
u5H:F ———————— —{:fﬂﬁ
- - ai, pP1 as, p3
as, p2 aq, P4 N P
» &
H\ ff
J,(
ra \‘\.
4 ™,
- *,
4
az, P2 a4, P4
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P Two to Two Scattering

* Contributions from gluing of three-point interactions and from
contact terms

* Momenta degrees of freedom exist unlike the three-point
amplitude

* On-shell the amplitude should be given by products of 5,5, S13, S14
and V'R™ withn,m < 2

Mohammad Alminawi - Zurich 2024
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P Two to Two Scattering

1
N (.3"1 (?“1 vuz Rm#ad + vuz ?m Rﬂt.lma + ?m vﬁd H# A4 HA2 + vﬂ&?ﬂl Rﬂd.lmz + ?ﬂ-l vm Hgmﬂﬂ

+ vuu;l vﬂ] R#:Hm:! + vﬂg v{-!-;-_: Rgl Jiitq + v{-!-;-_: vug R L] jLidlq + vﬂg vuq Rﬂlﬂ-ﬂt + vuq vﬂ-g Rl‘ll.ﬂﬂ\:

y L 5 L
_|_ vﬂa vﬂ4R£L1P{;! + vﬂ4vﬂ3 Riu Pg,.j{,r_;) _I_ E (Ri“ j_,-l'{.!.g ﬂ'?.ﬂfﬂ'-’i + Rﬂ-l Lreg RE‘E#&-JI _l_ Rﬂ-] LAL A REE,U-E";)

1
+ % (-‘*’12 (Humquaug + fataguqusul) + 513 (‘Jﬁ(ilﬁqﬂzﬂ:j + Ruamwgul) + 514 (Rmuzﬂami + Rﬂ-!:;tﬂzﬂaﬂl))

1 (506 :
+ 26 (Slj — ?']f’.!E {vm Rﬂ”mj T v‘“ RI G2 + vﬂERﬂlﬂﬂﬂ ](v Rﬂdhﬂd + vg3 Ra{:,;m,i + v@ Rﬂﬂmﬁ]
) 5

—I-(QHB)—I—(ZHrﬁl)))
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p Diffeomorphisms and Tensors

* Under a general diffeomorphism f the Riemann tensor is not
Invariant

(o] I (o] ] (o] K [e] L
RUKL(x)dxldx]dede N RI]KL(f(x)) O(fox") 0(fox?) O(fox™) 0(fox )dxAdedxCde

dxA dxB 0xC dxD
* Adiffeomorphism of the formu - f(u) = u + c,u™ withn > 2 is
special since at the pointu = 0 we have |
0(foul)
Imf(u) =limu=0 lim —~ = 4!
u—>0f( ) u—0 u—0 ou’ J
* Tensors are invariant under such a transformation at the vacuum
just like amplitudes

Mohammad Alminawi - Zurich 2024 22



D Scalar Curvature

* The Ricci Scalar R is also not invariant under a diffeomorphism f.
It transforms according to

R(u) = R(f(w))

* At the vacuum, a diffeomorphism of the form discussed earlier
leaves the scalar invariant since

lim R(f(w)) = lim R(w)

* Disagreement of Ricci scalars at the vacuum indicates that the
physical amplitudes are different.

Mohammad Alminawi - Zurich 2024
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p Conclusion and Outlook

* Jet bundles offer a path to write a Lagrangian of any derivative order in
terms of geometry

* Amplitudes are combinations of geometric tensors
* Non-derivative field redefinitions are diffeomorphisms on bundle

* Derivative field redefinitions as maps between jet bundle orders (in
progress)

* Incorporating gauge fields and fermions (future goal)

Mohammad Alminawi - Zurich 2024
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Thank you

Mohammad Alminawi - Zurich 2024
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D Loop Diagrams

* Consider the 1-loop correction to the propagator
p3

P1 P1

f 44 D3 a5 3406

(2m)* (p3 — m2)((p1 + p3)? — m3)

1 . . . .
(E {vﬂﬁﬂﬁﬂlﬂﬁ + va: Rj:r:ﬂ"u + ?ﬂ-ﬁ R*ﬁﬂmﬁj + {pfi — TIJ'E‘i]Pﬂﬁﬂzﬂﬁ + [{T*” + pﬁjg - 'mfﬂrﬂﬁﬂ:ﬂ-ﬁ>

1 . . . .
(E{vﬂﬂﬂ*ﬂuﬂm + v41| I::-.'Fud + vﬂd jﬂ-111 JH!-:-;] + (p‘i - ﬂlﬁ]r‘ﬂﬂﬂ'lﬂd + ((m + pﬁ)ﬁ - ﬂl‘ﬁ}rﬂmmn)

Mohammad Alminawi - Zurich 2024
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