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.z. can provide output in both SILH and Warsaw bases

oxo can perform the RG evolution of the operators in Warsaw basis

What we aim to do:

0‘0 automating integrating out at mass dimension-8 up to one-loop for spin-0 and 1/2

’X‘ efficiently remove redundancy and find complete matching contribution to dimension-8 WCs

':0 provide output in a complete and non-redundant basis
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Towards one-loop matching at dimension-8 with CoDEXx

Computation of effective action up to dg

1. One-loop Effective Action up to Dimension Eight: Integrating out Heavy Scalar(s).z‘
Upalaparna Banerjee, Joydeep Chakrabortty, Shakeel Ur Rahaman, Kaanapuli Ramkumar

e-Print: 2306.09103 [hep-ph].

2. One-loop Effective Action up to Dimension Eight: Integrating out Heavy Fermion(s)
Joydeep Chakrabortty, Shakeel Ur Rahaman, Kaanapuli Ramkumar
e-Print: 2308.03849 [hep-ph].

Removing redundancies from d, and d; structures

3. Integrating out heavy scalars with modified equations of motion: Matching computation of dimension-eight SMEFT coefficients
Upalaparna Banerjee, Joydeep Chakrabortty, Christoph Englert, Shakeel Ur Rahaman, Michael Spannowsky
Phys.Rev.D 107 (2023) 5, 055007; e-Print: 2210.14761 [hep-ph].
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Extend UOLEA upto dimension-8:

.x. with the application of Heat-Kernel method

.:. cross-verify the result with covariant-diagram method



Heat Kernel: A Brief Review

Consider the part of the UV Lagrangian that's bi-linear in ®, L% = ®T(D? + U + M?*)® = ®&T(A)9,

The Heat-Kernel for operator A can be written as, K(t,x,y,A) =< y|e ™ |x >
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with initial condition, K (0,x,y,A) = d(x — y)
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One-loop effective action and Heat-Kernel coefficients

Consider the part of the UV Lagrangian that's bi-linear in ®, L% = ®T(D? + U + M?*)® = ®&T(A)9,

The Heat-Kernel for operator A can be written as,  K(t,x,y,A) = < y|e ™ |x >

The Heat-Kernel satisfies the heat equation, (at + A) K(2, x, y, A)=20
with initial condition, K (0,x,y,A) = d(x — y)
The HK for the operator A, K(t,z,y,A) = Ko(t,z,y) H(t,z,y, A).
’:‘ How to obtain one-loop effective action in terms of Heat-Kernel coefficients?

, , *dt _ ., = dt
gefﬁ1_loop=cstr10g(—P + U+ M) = Cstr —e — CStr TK(t’x’x’ A)

o ! 0
* dt 2 C — (_ )k
Use: — — (At 2 e—M —t b > M2k I'[k—d/2]1tr[b
5 CSL (4 2 bl = D) Tk = d/2]triby
ln/lz—J —te_m =
o ! Heat-Kernel

coefficients
11



Effective contributions to renormalisable Lagrangian

’X‘ How to obtain one-loop effective action in terms of Heat-Kernel coefticients?
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One-loop effective action and Heat-Kernel coefficients

’:‘ How to obtain one-loop effective action in terms of Heat-Kernel coefticients?
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One-loop effective action and Heat-Kernel coefficients

’:‘ How to obtain one-loop effective action in terms of Heat-Kernel coefficients?
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tr b() = tr I,
tl‘:b1: = tr U,
. - 1
tr[by] = tr |U* + 5 (Guu)Q]a
trlbg] = tr [U3 — S(U)2 + U Gy G — — ()2 + — Gy Gy G |
< ! 9 M 9 H H 10 15 H P~ PH
- 4 1 1 2
tl‘[bz}] — tI‘ U4 + UQU;pl_L + 5U2(G/,11/)2 + 5(U G/-“/)2 + 5(U;u#)2 - gU U;V t]l/
2 2 4 8
— gU(Ju)Q + —U- 1(Goo)® + _UGMVGVPGP# + BU;VM EPMEPY
1 2 | 17 9 9
N 35(‘]’“”) 100G’“’J ot 420(G“VG”") 210(G’“’) (Gpo)
1 2 16
+ 75=GiuGupGpoGou + == (GuGup) + 1= JU#GVUGUp]

trbs]([U°, UY, UP, UPD), tribgl[[U°, U, UM, tribI[[U7, UCTL,  tribgl[[U°]]
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Universal One-loop Effective Action upto D8

Cs 1 M? 3\ | Cs M?
= Mt |- (| =] =2 tr { M? (1 [ ]-1)(] 4 2 2
(4n)?2 [ 2 (HLRI 2)_  (an)? r{ [ % + oo (PU) PV + o (PUYPU)(Pudy) = o (PU)(PuU)(Pudy)
1] M? 1. [M?2
—|—MO 5 —In |:—2J U2 ——~1In _2:| (G;w)z 1 1 6 4/ p2 3 2 12 2
i H LM 510 |V 3V (P°U) - 2U°(P,U)* + =U*(P,P,U)(P,P,U)
1 1 1 1 1
+——= | -U>==(P,U) U(Gu)’ — —=(J,)*+ = G Gy G 9 9
M?6 | 2 2- 10 15 + 76(13 P,U)U (P,U)(PU) + 76(P“P,,U) (P U)(P,U)U + g(PMU)2(P,,U)2
1 1 4 1 1 9 8
tapang |V U PO+ 2UGw)” + (U G)” + 5 (PU)° +2U (BRUY (PRU) + 7 (PU)RU)? + UG U G
1 5 18
20U (BU) Ju+ 2U(I)2 = —(PPU)(Gpo)? + o (Po],)? + 2UHCw)? + % Cu(PLUUABU) + — (UGp)?
5 5 15 35 7 7 14
4 8 1
- _UGIWGVPGPM 15(P PU) GpuGpy + 105GWJ Ju 78GWU PU)PU)U + —(P,PU)(PU)U (P,U)
1 17
L (GG + L (G (Goo)? + (G Gip)? 2
420 SRR (VAN - D n gGWU(PMU)U(P,/U) + 26, (PUU (PUU
GWG,,,,GWGU“ 10 — (P,J,)GyoGly
T 105 105 94 0 ;
) + | S Gu(PuU) (P, U)U? — -GuU*(PU)(PU)
1 1
+ — U -5U4P,U)? -8U3(PUUPU) — =(U*(P,U))?
-I-%UQ(PMU)JH—%U(PMU)(P,,U)GW—%UZJM(PMU) M10210 | (BD) (BLOUED) = 5 (UHRU)
1 2 1 1 1 |
— = (P, U)(P,U) —U (P*U)? - Z(P*U)(P,U)* — =((P )’ 8 (7 1)
3 GulEADRL) = (P20~ (PR = (506w R, } -
+ 7U2GWG,,QGW + 57U Gl GuaGay — 7U2(Ju)2 - J,)? ]
4 4 2 2 :
+ ?U(PZU)(GMV)Q_'_ ?(PzU)U(GW)2 . ?U(PMU)JI/GMV U,LJ _ 0 LUV GIJ’V — [PN PI/] Eff. action : DR + MS-baI‘,
2 4 4 0D; 0D ; ’
— 2(P,UUG,J, — -U (P, UG, J, — =(P,UU J,G,, ] : :
74( W)U G 7 1(1 WU)C, 7 1“0 ) s u is the matching scale,
_ 2 - r\2 2
t+ 57U Gu(P2U) G + o2 (PalU)*(Giw)® = - (BU) LU G J — p GV“ [ » [pmpu”
10 2 10 i
— 57 PG U Jy = (PuU)(PoU)GpaGow + 57 (PoU)(Pul)G oG
1 1 1 ) 4,
= 7(Gau(PuU)) 15 (FU)Gy v)? - 12\ FuP U)? - 57 (P U)(BU) I, 15



Method of Covariant Diagram

[ d%
Z off, 1-loop = s [ Y trlog(—P>+M?*+ U)p_p_,

)

_ d’q p2 2 2
= ic, trlog(—P“—qg“+2q.P+ M-+ U)
2m)?

—ic, tr Z J o) [(g*> = M*)'2q.P - P>+ U)]" Zhang, JHEP 05(2017)

‘z‘ Each integral of order n can be mapped into a number of diagrams consisting n number of heavy propagators

’:‘ Treat 2g . P, — P? and U as vertex insertions, each diagram should consist of different combinations of vertices
.z. For example, at n = §, we can have operator structures of O(P?), O(P°U?), O(P?UP) etc.

’z‘ The most generic form of the loop integral at order n with 2n. number of 2q . P vertices

— g'ul...'uZnC j[q2nc]n

[ dq qul...qﬂznc
2m)d (q* — M?)"
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Method of Covariant Diagram: a detailed case of O(P>U®)

Diagram O(P?U") structure Values
tr(P,UP,UUUUU) —ics 22 I[q?]®
tr(P,UUP,UUUU) —ics 22 I[q?]®
tr(P,UUUP,UUU) —i 52 22 I[q?]°

Black blob — 2¢g . P insertion, white blob — U insertion

Rules:

OXC Draw one-loop diagrams with all possible arrangements of
black and white blobs

Oz‘ Two black blobs should not be placed side by side

0z¢ The structure for each diagram can be read off starting from
one particular blob and going clockwise until we exhaust all
the vertices present in the diagram

o%e The value for each diagram: —ic, 2% F[g*"]", if the diagram
has a N-fold rotational symmetry, then we divide

the value with a factor of N
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Method of Covariant Diagram: a detailed case of O(P>U®)

Start with covariant structures with unknown coefficients:

Diagram

O(P?U®) structure

2.6
Values Cf | )tr(U4 [Py, U] [PuvU]) + O

tr(P,UP,UUUUU) | —ics22Z[q?]®
tr(P,UUP,UUUU) | —ics 22 Z[¢?]3
tr(P,UUUP,UUU) | —i% 22T[g?)®

Solve for the coefficients:

Cs

|

1

C§2,6) _

1672 M10 42°

C:gz,ﬁ) _

29 ¢ (U3 [P,, U U [P,,U))

+ 9 (U2 [P, U|U? [P U)) = (209 — ¢$*) tr (PLUP,UUUUU)
+ (203 — 2089 — ¢*9) ¢ (P,UUP,UUUD)

+ (QC.§2’6) - 52’6))tr (P,UUUP,UUU) + tr(---P*--.)terms.

L 8

Equate the structure coefficients with values
corresponding to loops:

(2.6)  ~(2,6) cs 1 48
¢ O = e Ao T
(2,6)  ~(26)  o~(26) _ ce 1 48
(2,6) (2,6) cs 1 24
e e TP B VUK (R
cs 1 4 (2,6) ¢ 1 3
C3 —

1672 M10105° 1672 M0 140°
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Universal One-loop Effective Action upto D8

Cs 1 M? 3\ | Cs M?
= Mt |- (| =] =2 tr { M? (1 [ ]-1)(] 4 2 2
(4n)?2 [ 2 (HLRI 2)_  (an)? r{ [ % + oo (PU) PV + o (PUYPU)(Pudy) = o (PU)(PuU)(Pudy)
1] M? 1. [M?2
—|—MO 5 —In |:—2J U2 ——~1In _2:| (G;w)z 1 1 6 4/ p2 3 2 12 2
i H LM 510 |V 3V (P°U) - 2U°(P,U)* + =U*(P,P,U)(P,P,U)
1 1 1 1 1
+——= | -U>==(P,U) U(Gu)’ — —=(J,)*+ = G Gy G 9 9
M?6 | 2 2- 10 15 + 76(13 P,U)U (P,U)(PU) + 76(P“P,,U) (P U)(P,U)U + g(PMU)2(P,,U)2
1 1 4 1 1 9 8
tapang |V U PO+ 2UGw)” + (U G)” + 5 (PU)° +2U (BRUY (PRU) + 7 (PU)RU)? + UG U G
1 5 18
20U (BU) Ju+ 2U(I)2 = —(PPU)(Gpo)? + o (Po],)? + 2UHCw)? + % Cu(PLUUABU) + — (UGp)?
5 5 15 35 7 7 14
4 8 1
- _UGIWGVPGPM 15(P PU) GpuGpy + 105GWJ Ju 78GWU PU)PU)U + —(P,PU)(PU)U (P,U)
1 17
L (GG + L (G (Goo)? + (G Gip)? 2
420 SRR (VAN - D n gGWU(PMU)U(P,/U) + 26, (PUU (PUU
GWG,,,,GWGU“ 10 — (P,J,)GyoGly
T 105 105 94 0 ;
) + | S Gu(PuU) (P, U)U? — -GuU*(PU)(PU)
1 1
+ — U -5U4P,U)? -8U3(PUUPU) — =(U*(P,U))?
-I-%UQ(PMU)JH—%U(PMU)(P,,U)GW—%UZJM(PMU) M10210 | (BD) (BLOUED) = 5 (UHRU)
1 2 1 1 1 |
— = (P, U)(P,U) —U (P*U)? - Z(P*U)(P,U)* — =((P )’ 8 (7 1)
3 GulEADRL) = (P20~ (PR = (506w R, } -
+ 7U2GWG,,QGW + 57U Gl GuaGay — 7U2(Ju)2 - J,)? ]
4 4 2 2 :
+ ?U(PZU)(GMV)Q_'_ ?(PzU)U(GW)2 . ?U(PMU)JI/GMV U,LJ _ 0 LUV GIJ’V — [PN PI/] Eff. action : DR + MS-baI‘,
2 4 4 0D; 0D ; ’
— 2(P,UUG,J, — -U (P, UG, J, — =(P,UU J,G,, ] : :
74( W)U G 7 1(1 WU)C, 7 1“0 ) s u is the matching scale,
_ 2 - r\2 2
t+ 57U Gu(P2U) G + o2 (PalU)*(Giw)® = - (BU) LU G J — p GV“ [ » [pmpu”
10 2 10 i
— 57 PG U Jy = (PuU)(PoU)GpaGow + 57 (PoU)(Pul)G oG
1 1 1 ) 4,
= 7(Gau(PuU)) 15 (FU)Gy v)? - 12\ FuP U)? - 57 (P U)(BU) I, 19



Some nice features of this formulation

1. It’s universal, I.e., does not depend on the specific form of the UV theory as well as IR DoFs

2. Equally applicable for LEFT, SMEFT or any other effective theory at any scale

3. Can be easily implemented in matching tools like CoDEXx, or any other to get the WCs

Thanks for your attention!
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