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Matching a theory: off-shell vs on-shell

OFF-SHE(L VS ON-SHE((

Small number of diagrams : : :
(one-light-particle-irreducible) 7 - 0 All diagrams (light bridges too)
Large set of operators Smaller set of operators
(Green's basis) 1 - 1 (ohysical basis)
Reduction to the physical basis 1 — 2 No reduction is needed

Contribution directly local Delicate cancelation of

in momenta non-local contributions
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Matching a theory: off-shell vs on-shell
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Matching a theory: off-shell vs on-shell

OFF-SHE((

Vs ON-SHE((

Small number of diagrams
(one-light-particle-irreducible)

Large set of operators
(Green's basis)

Reduction to the physical basis

Contribution directly local
in momenta

— 0 All diagrams (light bridges too)

Smaller set of operators
1 (ohysical basis)

. 2 No reduction is needed
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Light bridges

non-local

Difficult to follow this cancelation analytically

The procedure is to be numerical but exact

Splnor Helicity Formalism
:2304.01589, arXiv:2202.02681]

~ 9044503 2
1681920

‘32
M =apy-p3+
P prp)E—mE

(polynomial in

local
external momentaq)

K("/ =
N

EFT

~
non-local

Substitution of random-generated kinematics

Rational kinematics

momenta

Rational values for { polorizotions} with symbolic masses m.

spinors
Satisfying...
Momentum conservation

2 On-shell diti
840960 ’3 Dir;osc eequcc?tri]orlw o
8203543 m?2 Transversality



On-shell matching: the matching condition

) Tree-level matching: . @

EFT full

) One-loop matching: . @ A . B
(method of regions) ) ) ) )
hard: k~Mg > p,m EFT full full CFT
renorm renorm renorm renorm
softt Mg > k~p,m
@ p G W,
Y
Almost cancel
) TRPA 2 — 22
On-shell condition:  p* = Mppys evanescent contributions*

Wavefunction factors: M = (ﬁ)nMamp
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On-shell matching: evanescent shifts

) One-loop matching:
(method of regions)
hard: k~Mg > p,m EFT

softt Mg > k~p,m

Almost cancel
evanescent contributions

Copy of SM Higgs: £ = Legu + D, @ D*® — M?*®T® — (V" PPe” + h.c.)

[J. Fuentes-Martin, M. Kénig, J. Pagés, A. Eller Commg from

Thomsen, F. Wilsch: 2211 09144 SMEFT-Tools | 2025



https://arxiv.org/search/hep-ph?searchtype=author&query=Fuentes-Mart%C3%ADn,+J
https://arxiv.org/search/hep-ph?searchtype=author&query=K%C3%B6nig,+M
https://arxiv.org/search/hep-ph?searchtype=author&query=Pag%C3%A8s,+J
https://arxiv.org/search/hep-ph?searchtype=author&query=Thomsen,+A+E
https://arxiv.org/search/hep-ph?searchtype=author&query=Thomsen,+A+E
https://arxiv.org/search/hep-ph?searchtype=author&query=Wilsch,+F
https://arxiv.org/abs/2211.09144

An example: finite one-loop matching to SMEFT .

We solve for effective couplings perturbatively in the EFT order:
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https://arxiv.org/abs/2212.04510
https://arxiv.org/abs/2112.10787

Green’s basis:  minimal set of operators to match amplitudes off-shell.

Field
redefinitions

Physical basis: minimal set of operators to match amplitudes on-shell. Tedious

Non systematic
Hard to automate

['full D operators in Green's basis

N\
Match both theories on-shell at tree level (g
£phys > operators in physical basis

We find the couplings of L}y in terms of those in Ly . %%%%ﬁg%ﬁs?g

[ Example I: Real scalar singlet with Z, symmetry up to dimension 8

[J Example ll: Bosonic sector in the SMEFT up to dimension 8



A second example: reduction of Green’s basis

i i

H6

X3 X H" H2D*
Os f“BZQﬁ”GE”GE“ Oua g::,GA”"(HIH) Opx | (Dﬁ;‘g);(DuD"H)
. O | rAE9G=GEGo | O GA G (HtH) '
8 CI’OSS-CheCk W|th [2003 1 2525V5] o:‘f, e”KMl’iW,;’PWE‘“ o:lf, ‘WJEVWI“V(HiH) Ouo (H‘fH)EI(HfH)
Oz | XWhwlewke | 0,0 | WLW*(HIH) | Opp | (H'D*H)!(H'D,H)
XZD? a.,. By, Br(H'H) | Oyp | (HUH)(D,H)'(D*H)
Os —%(DﬂGA‘W)(DPGﬁu) Ous Buvay(HtH) Ohp (HTH)D#(HH "H)
5 Bl —%(P,,W’””)(DPW,{,,) T %j,,B""(H:ojH) HﬁT i
c c c Osp | —30uB")Bp) | Oyiwp | W,WB*(H'o H) | On (H'H)
HB = Cup ng HBTDH : el
Cris — Cip [: 2MeCraT Owpn | DW'™ (H'i D,H)
HB HB ouB’pH Opon | 0B (1D 1)

V. Gherardi, D. Marzocca y E. Venturini (2021)

1 1

12 /
CHO —* CHDO — §g rop + '2-97‘131)11

1
CHD — CHD — 59'27‘23 + 2¢'rpu|— ma(4cuprpn + 49'rBpuTDH)

2 / /
— my(4cyorpn + 9TEpuTDH + 2rDHTY D)

[2003.12525v5]

Reduction of dim. g
OPeratorg up to di.m. 8!l

1 1 1 1
cy = ey + Nrpg + )\r}, D 4[m(2, ( ZgaCHD'rzB = Eg"‘r%,; —3 ‘euprepn + §g'3T23TBDH]
51
— ZQQT%DH — 6eyrpy — Aeuprpu + 8X\eyorpy + g'/\rBDHrDH — 111\27%}1

1 1
/ / / / / 2 "2
—§CI{D7'HD +4deyoryp + Eg TBpHT D — IATDHT D — ZTHD —THD
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Creating a tool: MOSCA

MOSCA: A MATCHING ON—SHELL CALCULATOR

Input
A

Define the physical Define the couplings Set the EFT order of
[ el Dl LD [ process ] [ and their EFT order the reduction

Compute wave function - .
Compute the Expand the expressions up to
[ rencnmalization factors I_" amplitudes >| the selected EFT order ]

and physical masses

Automated on-shell matching

< Solve the system Iterate until the system
for the WCs has enough equatlons
Match the two Substitute random generated
amplitudes rational kinematics
e
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Creating a tool: MOSCA .

MOSCA: A MATCHING ON—SHELL CALCULATOR

Let us consider a Green’s basis for a Zs-symmetric scalar theory up to dimension 8. A suitable
choice is given by

1 i |
L=L4+ F£6 = FCS, (10)
where
L,= —%QS(OQ + m?)¢ — Ag?, (11)
Ls = a619° + B610°00°¢ + Be20p’9° 9, (12)

Ls = ag1d® + a82¢23p3u¢3“ 0" ¢ + Bs100°¢ + Be2p® 0% + Bs3p* 090 p + Prap® 0. (13)
B are the redundant WCs (they are in the Green's basis but not in the physical one)
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On-shell matching is a diagrammatic alternative that allows to compute the coefficients
directly into the physical basis.

More diagrams to be computed in a single amplitude, but several operators can be
matched ot the same time.

No need of defining evanescent operators or using background field method for finite
matching.

Useful for renormalization and computing beta functions (see [arXiv:2409.15408]).

Can be used to compute the reduction to any physical basis from any redundant basis.

Code in Mathematica in progress (MOSCA) 2 )
based in FeynRules+FeynArts+FeynCalc

(with F. Vilches) \/



https://arxiv.org/abs/2409.15408

Universidad de Granada
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Green’s basis vs physical basis .

apu——C5
EFT Lagrangian: L = L) + Z‘ Z‘ %Oi(d)

ad>4 1
~ Valid operators -~
Local operators Finite Integration
< Preserve the > number by parts, Fierz ‘ Green’s basis
symmetries of operators identities (4D),
of the etc.
Lagrangian

o /

Some operators are still redundant on-shell ‘ Physical basis
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Applications: on-shell RGEs

A theory expressed in terms of the physical basis can still generate redundant operators at the loop level
through RGEs.

v =y’ o0, e 1enuSi- o0, (RGES)
- 16m2e du
Mixing of H*D* into H*BD?
Off-shell On-shell ,
\\\ //’——\\\ \\ 2, \\ \\\ /,—-~\\\ /_-~
" pd ‘\\‘\N\’\' D ‘\\'\'\N\‘ . ‘\N\F
//[9 L =T I - -+- \[31)4 :
e » // \\\ /k:-‘ /// \ /LLLZZ
\\\ I/ \M ) ‘ ,
\E:ID4 \' \ // \\ ’
%/L h @/VVV\, + \\é::;\\
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Some results in the SMEFT .

Dimension 4 up to dimension 8 (H and B)

mg — mg — MoTpy + 2m§ri
A= A— mg(4/\rpu + 21';“,) +‘m3(16)\1’f)y + 107‘0}17‘;;1))

5
Yz ye(l — mﬁfvu 5 §m3"}?m)
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Some results in the SMEFT

Dimension 6 up to dimension 8 (H and B)

2
CHB — CuB — 2MCHBTDH

2772
X°H Cui — Cul — 2mch§rDH
) | 1
CHO — CHO — 59'27” 2B + 59'7‘ o — mg(4epnrpu + 9 TepuTDH + 2rDHT Y D)
HAD? y
CHD — CHD — 59'27'23 +2¢'rpn — mi(4cuprpu + 44 TBpHTDH)
6 2 / 2 (1 L oam T 1 3
H cH = cg + Arpu + Argp +my 19 cHDT2B — 729 Tap ~ 59 CHDTBDH + 59 T2BTBDH

3
- 19'27'?31)11 — 6cyrpi — Aeuprpn + 8Aeyorpn + ¢ Arpparon — 11N rh

1 1 1
/ / / / / 2 "2
_ECHDTHD —+ 4CH|:|7‘HD + §g BDHT D — 9’\TDHTHD - ZTHD —Tup
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Some results in the SMEFT

Dimension 8 (H and B)

XH'D?

(1) (1) / L 30 ” ) 2
Cupapz = Cuyape — 49 cuprap + 39 T + 8cuprpn — 29 TepTpH + 29 TN

(2) -
Cppape = —49'cyzras + 8e, grpn

X2H2D? X4 X2H*
1 1 1
ng),,z s =0 022 -0 cgg,,. > —cupg”rap + 1—69' ‘r3s + 2cug'reon — Zg’" ropTBoH +
(2) . —
"gﬁ)mvﬁ -0 Ciga =0 2euATDH — CuBTYD
2
& a0 =0 s =~ Cyiran + 20 CyTaon — 2\eyiTavn — CyiTn

HEFT | 2024
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Some results in the SMEFT

Dimension 8 (H and B)

HAD? HP2
cgz =7 %gm "3 — 29Tt o0 + 2 ipy f‘gl =¥ _%grz cuprap + -i%g“ rag + gg’ CunpTBDH — g_gn ToTpH + %g"rfwu — AeupTou
cgl —» —% %12, + 29" ropT N — 2% Y — 8Aenurnn — 3¢' A\ pputon + Nrhy — %Cuuf';w — dequryp — gg'rm)u";w
CSZ 50 = 3ATDuTYp — %"?w + 7D

2 1 1 3
t‘g,l - -'2'9'2 cypTap + -ég"rig + g'cuprson — 9 rapreON + '2'9'2"123011 = 2XeunTon

!
—29'A\rgpurpn — Cuv"'uu — 9’ "Bmﬂ"m)
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Generation of random momenta .

4 A

2 a — caf
SL(2,C) = SU2), x SU(2)x 1 "2V L A=

1 ESU2)g 1o = e 1B
J

~

Massless Poo = Aad ‘ P=p, ot = (po tPs P1- ZPZ)
momenta : p1+ip2 pPo—Pp3
m? 2 1.2
Massive PH .= ¢ + JeH ¢,k =0
momenta : 29 - k ot = Aaré
koo = Hafla
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Evanescent operators .

R=a O

IR® 4+ IRD = gy ©® 4+ gy

Additional finite local
contributions in loop

0 1 _ 0 (1) 1) litud
IR® + IRsoft =Uv® + UVhard+ UVsoft AMPTHEES
1
' — —_— —
\ We take the hard region \ _[:R —0 = c (br€ —bp€) = b

1
f0=g(a+bo€) fﬁ=%(a+bﬁe)

HEFT | 2024 22



Matching a theory: off-shell vs on-shell .

OFF-SHELL( Vs ON-SHE((

Smoglglui:%e\z ?F]:I ?ﬁ%oms All diagrams (light bridges too)
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Matching a theory: off-shell vs on-shell .

Lint = 77¢2(I>2 + >\¢4
OFF-SHE(( ON-SHE((

¢ ¢ ¢ & > ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ > ¢ ¢ ¢ ¢

In[66]:= Length[diagsl1PIHeavy] In[65]:= Length[diagsHeavy]

out[66]= 315 out[65]=6475
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Matching a theory: off-shell vs on-shell .

OFF-SHELL( Vs ON-SHE((

Small number of diagrams 1 0

(one-light-particle-irreducible) All diagrams (light bridges too)
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Matching a theory: off-shell vs on-shell .

OFF-SHE(( VS ON-SHE((
Small number of diagrams : : :
(one-light-particle-irreducible) 1 — 0 All diagrams (light bridges too)

Large set of operators Smaller set of operators
(Green's basis) (ohysical basis)
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Matching a theory: off-shell vs on-shell

[2003.12525]

P*D* PY*XD - PY*DH?* X3 X2H?2 HZD?
I= A v 1A - -
O,p ?ﬁ { D,,D:, D}q Of;., : ('Q'T4 7“?)_]_))" G,,,,A 0,,(,1,,) (q'y_l“glgH'z‘ii'pH ) O fABCgﬁqupG:C,'p T gﬁuGApv( HTH) Obn | (D, D*H) (D, D"H)
Oup | 50 {DuD s w} u OGq E(ET' i D q)Cj,,., OHq (qi P q)(H'H) 0= fABCGAyGBpGCp s GA GA‘"’(HTH) H4D2
Ouw | 5d{D.D* D}d | O | L@ D q)GL, | Of) | (@ 9)du(H'H) o s 2o i
D ol Ge | 2 gLyt q) ;(1:;,) 97" q)0u ‘B 03W elJKMuW';IpW‘f(p OHW M,WI“V(HtH) OHD (HtH)D(HfH)
Osp é—é {D.D" D} | Oy, (Eﬂl’ ')'Fq()_?vw;u , O,(,{“,) (t'laf 'ymf)(H'z : LH) Oz elJKWéuW;IpW‘;Kp Ouiv W}fyw!;w (H'H) | Opp | (H'D*H){(H'D,H)
O.p éE{DuD”’ B)}e O;Vq é(ﬁﬂ '7“7:D”‘I)"Vuu Ofiq (ﬁlm Q)(H1U H) XZDJ B.. B HfH O HIHWD. H{(D*H
Y?HD? +he. |0y | d@o'+i D W), | 0 | @0o'+#q)D,(H'o' H) Oxg B BEA ) up | (HH)(D,B) )
" the | O, | 3 R O [ —3(DG™)(D'G},) | Oyp | BuB(HH) | Oy | (HH)D,(HIiD*H)
Ourint (qu)D,D"H Og, (g Z)_)a" Bz On. | (T %H 1D, H) o 2D Wik DPW T o W' B (HiolH HG
Ounpn | @iowD*u)D'H | Op, | 4@*i DB, | Oy, | (@i Du)(H'H) 2w | —3(DWWH)(DW,,) | Onwa | Wi B = ) -
Ounps | @D, D*wH | 05 | 3@*iD*q)Bu | O, (ﬂv"u)a,‘(%:H) Oz | —5(0uB")(0°By) | Opivp I_;V Xl‘?;) (j—’ o H) | Oy (H'H)
Outips (quU)D"ﬁ Og. | (uT*y*u)D*G}, Oua | (dyd)(H' D ,H)
s 3 B =g
O | @)DuD*H | O, | 3@ D WGy, | Opa | @B a)(i'H) Owpn | D,W'"(H'i D H)
Ounpz | (GiowD"d)D"H | O | 3@T*y"i D u)Gy, | Oy | (dy"d)du(H'H) Oppy | 0,B*"(H ti'D H)
Ounps | (GD.D"d)H | Opu (@y"u)d" By Onua | (@y"d)(H'iD,H)
Ounps | (@D d)D*H | Of, é(ﬁ‘r“iz"u)Bpu o | @' D,H) . Libgsans SRR, [ S
Oip1 | (te)D,D*H | O | L(@yiD"u)B,, | O (7i D ¢)(H'H) Oqg (@ a)@wq) Ou | (E4*0)(Lyut) 043 (OO @q)
Ocnivn | (iowD*e)D'H | Oa | (dT"4*d)D*G, oV | (Fy0)a.(H'H) 0% | @"o'9)@nmo'q) | O | @Y*e)Ewe) | O | (e’ )(@wo’y)
Oenps | (ID.D*e)H | Oy | L@dT*4*i D d)GL, | OF) (?a’;y_“)l’)(H'i(B{‘H) Ouu (E*r’;u) @) | O | ((4"€)(EYue) | Ocu (fv:“e)@‘ruu)
Ot | (D00 | 07, | Y@rwiBraGy, | o | @Bl | O f‘_’n";g?"?) o E‘ﬁf))((‘f”’"";
) - 1(: - uy"u éy.e
P XH the. | Op| @B, | O | @y ODH) | 8 | o5 ray on | (o
Ouws | @™ WHGA | Opy | L@ D d)Bu | One | (er4e)(H'iD,H) wl | W70 U = RN
=) P . ; @5 g Ogu (@"q)(@yuu) Ora ((4"0)(drpd)
Ouv | (@0 w)a'HW,, | Op, | 3(dy"iD*d)Bu | Oy, | (€ De)(H'H) 0¥ | @y119) (@, T ) Obedy (Te)(dg)
Oun | ol | el e, (e L G BUTID | o) | (@) @) o, | @eenta
OJG (qT U‘wd)HG;w 0“"[ E(fa 7"1’(2) [))L{_/jw ¢ H + h'c' 0 8) — pTA .d- TAd 0(3?‘ 70’"’8 e. (3% u
a I I ’ 1 I . 1 —| qd (q’Y q)( 'Yp ) fequ ( )ra(q n )
Oaw | (qo*d)o' HW,, | O, | 3(ta’y*iD"OW, | Oun (H'H)gHu oh (@W)e(Td)
Oyp _(?a:”d)finul Ope 1 (_f‘rl‘ﬁk)'):B,w Oun (H'fH)ng Ox&nfd e i # PhYSlCOl bOSI S OpSI 59
Ow | (o**e)a'HW], | Op, | 5(y*iD*¢)B,, | O (H'H)He —quad
O | (lo*c)HB,, T %<(?v“'i*l)_7;”">§w \ ' # Green'’s basis ops: 129
Be 67"6 "pr :
| 1@ BB SMEFT-Tools | 2025 -
- | 3 (E’y“-i?”e)é -




Matching a theory: off-shell vs on-shell .

OFF-SHE(( VS ON-SHE((
Small number of diagrams : : :
(one-light-particle-irreducible) 1 — 0 All diagrams (light bridges too)

Large set of operators Smaller set of operators
(Green's basis) 1 - 1 (ohysical basis)
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Matching a theory: off-shell vs on-shell

OFF-SHE(( VS ON-SHE((
Small number of diagrams : : :
(one-light-particle-irreducible) 1 — 0 All diagrams (light bridges too)

Large set of operators Smaller set of operators
(Green's basis) 1 - 1 (ohysical basis)

Reduction to the physical basis No reduction is needed
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Matching a theory: off-shell vs on-shell

Elimination of redundant operators in Green’s basis via:

ab -b

(DuD"H)* = m*H* — N(H H)H" — ey}(* +i(02)"*¢yuu — dyjq”

(D"G ) = 9:(G7, T + @y, T + diy, Td;)

EOMs: (D"WW)I _ g(HTi Bi T Ea’ypdlga S (Ii’YpUIQi) :
(8"By) = ¢ (YuH'i D, H+ Y Yifruf) »
v
Modified EOMs: [2210.14761]

#\

Field redefinitions Non-trivial process

Hard to progrom it in a
systematic way

SMEFT-Tools | 2025

@E:yfeff’ Straightfoward but ...
tpe=gpt’c only valid up to linear
iPq = yyuH + ypdH , orderl
iPu=y,H'q, [1811.09413]
iPd=yLHiq .

30


https://arxiv.org/abs/1811.09413
https://arxiv.org/abs/2210.14761

Matching a theory: off-shell vs on-shell

OFF-SHE(( VS ON-SHE((
Small number of diagrams : : :
(one-light-particle-irreducible) 1 — 0 All diagrams (light bridges too)

Large set of operators Smaller set of operators
(Green's basis) 1 - 1 (ohysical basis)

Reduction to the physical basis 1 — 2 No reduction is needed
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