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On-shell EFT matching

Given »Cuv[q): ¢] = »Ckin[(bv ¢] + Z 9a Qa[CD, (b] My ~ N> Mg

Heavy fields a

determine Lerc[@] = Lanld] + ) Ci(9) Okld]
k
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On-shell EFT matching

Weak (physical) matching condition

(f|Smat. |} = (fSmat. 11}, Vi, f € {low energy}

Given Lo[®, ¢] = Liin[®, ¢] + Z 92 Qal®. ¢l Mo ~A>my

Heavy fields

determine Leer[¢] = Luinld] + ) Cilg) Ok[4]
k

m Physical condition (works whenever decoupling is possible)
m Multiple solutions for Ci(g): it is surprisingly difficult to determine an EFT basis
m Challenging to compute on-shell matrix element!
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Off-shell matching

Strong matching condition

WEFT[Jd)] = WUV[Jq; =0, J¢] =

rEFT[(z)] = ruv[a\)[é]v (Z)]v 0= 0

|_uv Era 2

*The vacuum functional VW generates all connected Green's functions

*The quantum effective action I generates all 1Pl Green's functions
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Off-shell matching

Strong matching condition

WEFT[Jd)] = WUV[Jq; =0, J¢] =

rEFT[(z)] = ruv[a\)[é]v (i)]v 0= 0

|_uv Era 2

*The vacuum functional VW generates all connected Green's functions

*The quantum effective action I generates all 1Pl Green's functions

()~
2 - > r
Pl
1PI 1LPI 1PI

® Reduced number of diagrams
m Strong matching condition =—> weak condition

m Non-trivial that a solution exists: Green’s functions depend on gauge choice
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Off-shell matching

Strong matching condition

WEFT[Jd)] = WUV[Jq; =0, J¢] =
rEFT[(z)] = ruv[a\)[é]y (i)]v

*The vacuum functional VW generates all connected Green's functions

*The quantum effective action I generates all 1Pl Green's functions

Pl

) .

1PI 1LPI 1PI

At tree-level we may lintegrate out the heavy fields with their EOM solution

55uv

SO[g] = Sw[®le], ], & [016]. 6] =
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Off-shell matching

Strong matching condition

WEFT[Jd)] = WUV[Jq; =0, J¢] =
rEFT[(z)] = ruv[a\)[é]y (i)]v

*The vacuum functional VW generates all connected Green's functions

*The quantum effective action I generates all 1Pl Green's functions

Pl

) .

1PI 1LPI 1PI

At tree-level we may lintegrate out the heavy fields with their EOM solution

55uv

SO[g] = Sw[®le], ], & [016]. 6] =

What about loop-level matchlng?
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Separation of scales

Decomposition of UV loops:
hard: k2 > A2
/—N ’
’ I’ -
- ’

(1)
- SEFT

re -

g \;‘Q/ C/[Dd)]eiS(EOF)T

soft: k2 <« N\?

1—loop
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Separation of scales

Decomposition of UV loops:

hard: k2 > A2

/_N ’
, /-
.
i ’
.

) 1:1 correspondence!

(1)
- SEFT

. \/ S i} [Dd)] N

soft: k2 <« N\?

1—loop

Hard-region matching formula

5ruv|hard

SEFT[¢] = ruv[a\): ¢]|hard’ [(D ¢]

“hard” denotes the part without any soft loop momenta (it includes all

tree-level contributions) Fuentes-Martin, Palavri¢, AET [2311.13630]

Generalization of Fuentes-Martin et al. [1607.02142]; Zhang [1610.00710
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Matching gauge theories

Consider a gauge theory with gauge group G

Suv[ng] = Suv[n]r Vg €G

With no Higgs-mechanism, we are looking for a low-energy EFT action with the
same symmetry

5EFT[¢g] = SEFT[¢]: Vg €G
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Matching gauge theories

Consider a gauge theory with gauge group G

Suv[ng] = Suv[n]r Vg €G

With no Higgs-mechanism, we are looking for a low-energy EFT action with the
same symmetry

5EFT[¢g] = SEFT[¢]: Vg €G

What about the hard-region matching formula?
BRST invariant?

? o Ol v lhard ¢
SEFT[¢] - ruv[n”hardv 7?(])” [7] =0

™ G-inv.
"y loses G invariance for the smaller BRST invariance with ordinary gauge-fixing
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Gauge-invariant effective action

Gauge-invariant effective action of the background field (BF) gauge

eh Gauge-fixing 1 (quantum)
(anti-)ghosts " using 7 (bkg.)

Tl = —/|og/DnD¢\u exp[/ (S[n+n] +SC[n+7, w, 7] +/XJ/,,]/)]

bkg. G invariance: 0,7 = D'aA[fla”, 8an' = D'aja’n’
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Gauge-invariant effective action

Gauge-invariant effective action of the background field (BF) gauge

eh Gauge-fixing 1 (quantum)
(anti-)ghosts " using 7 (bkg.)

= . \ . _ _
Mml = —i log/Dan exp[/ (S[n +7)+ SEn+7, w, M + /Jm’ ) ]
bkg. G invariance: gaﬁ/ = D’A[ﬁ]ocA, 50(7)/ = D/A,JOCA"]J

Not the Legendre trans.
r[n] of a vacuum functional!
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Gauge-invariant effective action

Gauge-invariant effective action of the background field (BF) gauge

eh Gauge-fixing 1 (quantum)
(anti-)ghosts " using 7 (bkg.)

= . \ . _ _
Mml = —i log/Dan exp[/ (S[n +7)+ SEn+7, w, M + /Jm’ ) ]
bkg. G invariance: gaﬁ/ = D’A[ﬁ]ocA, 50(7)/ = D/A,JOCA"]J

Not the Legendre trans.

r[ﬁ]/ of a vacuum functional! [Mae [ﬁ] = F[ﬁ] + Sng [ﬁ]

Unique EOM sol.

Vacuum functional is constructed with gauge-fixed bkg. fields:

Oee[7]
om

WBF[j] = rBF[ﬁ] + jjlﬁl: jl =
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Matching in an ordinary BF gauge

Legendre trans. on-shell

[Mer Wee S-matrix

A version of the strong matching condition is

|—EFT [¢] |—uv [77] 5r§:

o M=0
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Matching in an ordinary BF gauge

Legendre trans. on-shell

S-matrix

rBF Wee

A version of the strong matching condition is

e (@] = rediml,

Choosing identical S& [(25] for UV and EFT yields

oy

o M=0

r/ Sg, is & independent

5 S

FEFT [5] = FUV [ﬁ] ,
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Matching in an ordinary BF gauge

Legendre trans. on-shell

rBF Wee

A version of the strong matching condition is

e (@] = rediml,

Choosing identical S5 [@] for UV and EFT yields

S-matrix

o rg:

o M=0

r/ Sg, is & independent

o 2

FEFT [5] = FUv [ﬁ] ) 5D

Quantum gauge-fixing can also be chosen identically for UV and EFT:
we can demonstrate a 1:1 correspondence of soft-region loops

Hard-region matching in unbroken gauge theories

6ruv|hard[ ] -0

SEFT[a] = FU\/[ﬁ”hard’ 0P

GIEA!

AET [2404.11640]

ee also Hennin u urayama [1412.1837]; Fuentes-Martin, Portoles, Ruiz-Femenia [1607.02142
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Many BSM scenarios involve spontaneously broken gauge symmetries

Popular patterns include
— SU(4) x SU(2)L x SU(2)r — Gsm
— SU(4) x SU(3) x SU(2)L x U(1) — Gsm
— SU(5) — Gsm
— SO(10) — Gsm
— SU(2)12 x SU(2)s — SU(2)L

m Generically, the gauge group G is broken to a smaller group H in the IR

m Matching must accommodate the reduction in symmetry
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Matching spontaneously broken gauge theories

Matching a spontaneously broken (Higgsed) gauge theory (G — H)

Swngl = Swinl. Vge G
SEFT[¢h] = SEFT[d)], Vhe HC G
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Matching spontaneously broken gauge theories

Matching a spontaneously broken (Higgsed) gauge theory (G — H)

SUV[77g] = Suv[n]v Vge G
SEFT[¢/‘I] = SEFT[d)]r YVhe HC G
What happens to matching with the BF gauge?
/ G-inv. —
?7 o= O v hard
Serr[p] = Twv[M] hard qu: ‘=0

H-inv.
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Matching spontaneously broken gauge theories

Matching a spontaneously broken (Higgsed) gauge theory (G — H)

Swlngl = Sunl, VgeG
SEFT[¢h] = SEFT[¢]! YVhe HCG
What happens to matchlng with the BF gauge?
Ve G-inv.
G/H 5rg¥|hard —1
Serrld] = ruv[n] hard 725 , T[ﬂ] =0

H-inv.

Determmes how massive vectors are integrated out

Anders Eller Thomsen (U. Bern) Matching in spontaneously broken theories HEFT 2024 8



Matching spontaneously broken gauge theories

Matching a spontaneously broken (Higgsed) gauge theory (G — H)

Swlngl = Sunl, VgeG
SEFT[¢h] = SEFT[¢]! YVhe HCG
What happens to matchlng with the BF gauge?
Ve G-inv.
G/H 5rg¥|hard —1
Serrld] = ruv["?] hard 725 , T[ﬂ] =0

H-inv.
What about the 1:1 correspondence between soft UV and EFT loops?

I i W Ak

\gl ..... What gauge is this?

EFT ghost interactions are determined by the gauge-fixing condition
(not a tree-level matching condition)
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Matching spontaneously broken gauge theories

Matching a spontaneously broken (Higgsed) gauge theory (G — H)

Swlngl = Sunl, VgeG
SEFT[¢h] = SEFT[¢]: YVhe HCG
What happens to matchlng with the BF gauge?
Ve G-inv.
G/H 5rg\p/|hard —1
EF‘I}'—/[I(an] = ruv["?] hard 725 , T[’ﬂ] =0
What about the 1:1 correspondence beius d EFT loops?

:f” ‘e~ EFT?

~'\What gauge is this?

EFT ghost interactions are determined by the gauge-fixing condition
(not a tree-level matching condition)
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Partial gauge fixing

Gauge-fixing a la Faddeev—Popov

7 = /Dn e/Slnl — /D'rlé(gA[n]) Det(gA,/[n]D/B[n])e’S[ﬂ]
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Partial gauge fixing

Gauge-fixing a la Faddeev—Popov

7 = /Dn e/Slnl — /D'rlé(gA[,n]) Det(gA,/[n]D/B[n])e’S[ﬂ]

Factorization of the gauge-fixing condition: Weinberg ‘80
Ve H gauge fields

G—=H  A=(BL VY,  GAnl=(G%[). G'[n])

H-covariant

G [nD'glnl  G*[nD';[n] ol Sl

/Dn5 (G*[n1)é(G'In]) D t( %0 G'1[nlD';[n]
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Partial gauge fixing

Gauge-fixing a la Faddeev—Popov

7 = /Dn e/Slnl — /D'rlé(gA[n]) Det(gA,/[n]D/B[n])e’S[ﬂ]

Factorization of the gauge-fixing condition:
Ve H gauge fields

G—=H  A=(BL VY,  GAnl=(G%[). G'[n])

H-covariant

G [nD'glnl  G*[nD';[n]

~FprGl,  GlnlD'jn]

Clever manipulations and the introduction of an auxiliary field yields

e!stl

/Dn6 G*[n])5(6'[n]) D t(

= /DnDué(ga[n]) Det(G*[n]D'g[n]) exp [/’ (S[n] +55/ I, U])]

H gauge-fixing H-inv.

where

S, u] = — j ( igf[n]g’[n]m(gi/[n]D’j[an’jkgk[n])w—ga‘*ﬁf’jafkmv,wmuf)
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Partially fixed BF gauge

Combine the partial fixing of G/H with a BF gauge for H

B e bkg. H inv.
I'm] = —ilog | DnDcDu exp[/(S[n+ﬁ]+5§x/H[n+ﬁ ul+Si[n+7, c, ﬁ]+/Jm’)]

with the BF effective action

Fee[M] = r[ﬁ] + Sli_é m]

"y of the partially fixed BF gauge possesses the symmetries of Sgq!
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Partially fixed BF gauge

Combine the partial fixing of G/H with a BF gauge for H

B e bkg. H inv.
I'm] = —ilog | DnDcDu exp[/(S[n+ﬁ]+5§x/H[n+ﬁ ul+Si[n+7, c, ﬁ]+/Jm’)]

with the BF effective action
Mer [ﬁ] = r[ﬁ] + Sli_é [ﬁ]
Ty of the partially fixed BF gauge possesses the symmetries of Sg.!

The gauge-fixing terms of the PFBF gauge are “manageable:”

G/H 1 ¢

Lve(:, = *?((du\/,u)(du\/ﬁ) + Mix;d* vy, — EM%X,‘X',
G/H T(d2 2 . k ki) b k < 5 Py
Cgh/. = = 1;(d% + (M) T (F Vet dt 4 g PO VIRV W+ G (i a0 + My )uf+5;:°‘ﬁf’Jaf w5 Ty,

1

H
e =—
vec. 25

51 v H = gH (T
Grpd*BR 0 BE. L = —cad*(duc® + g, BlCY)
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Background field gauge

The gauge-fixing terms in ordinary BF gauge for G — H gauge theories
ﬂﬁec. =- ? B d“B“d”Bﬁ - ?d“VHduV”Jer,d“Vu - éI\/IQ)( x' - Ed“BMA %fﬁjkv{/‘/ku

- 25 aﬁ VIR L VEVEY & (@B + 1 VI VIR ()P g% = i 513,5)

» - = K
Z ‘w(X/f’anJ — i1 2t3pPH) (X K Xt — ioh c B4P) - *d“VuVJ (fijo B* + fij V")
- 25\/ \/L,(fUQB by kav“ﬂ)(f'wsﬁ“ + VM) + 7(¢ax [l )N’J@fodwd)
+ (Mixj — Iwaxiabwb)VL(f’JaBa“ + f’jkvk”) — i@V paxiy@® + iEM;x ax3eP,
G _ _ 2 au U . i
£8, = ~Ta@ ¥ — TPl + T ear®gy BT + AT o B + T r® (V) + Vi)W
+ ATV, + VI jo €@ + 1Ry — e r® Vi d e —aVl (F1jo @ e + £ dt uk)
- i i K_uvi ik
—Caf® i o) Vi B K — TV BPR(F1 ) £ g Y 4 1y K gput)
ok _ D i .
— VKT VD [Caf® Mg P 4T o gt 4T 7 g5 P 4T (F g P 4 )]
+ 820 d® [%;f i oy X+ 0K — B 4 (tat)? (@ + o))
+ECad®P[Mix; o —Ba(tax)?p (@ + 0)P]u!
—&ui[f'y, J(x+x)f +Pa(x'ta)? (@ + )]

—éu,[é/ — if! gx¢ b(w+ )P — igan'kxfzb$b +wa(x’xj)ab($+w)b]uj

Now this is an unmanageable mess!
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Matching with the PFBF gauge

Massive ghosts of the PFBF gauge don't need to be mimicked by any EFT loops

FUV D Det(g,')Dlj) = Det(g")D/j)‘hard
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Matching with the PFBF gauge

Massive ghosts of the PFBF gauge don't need to be mimicked by any EFT loops

FUV D Det(g,')D/J) = Det(g")D/j)‘hard

uv }A’ fv&< =t o EFT

Integrating out heavy vectors at tree-level gives identical vertices to the

soft-region of UV loops
Also the GF condition

for the quantum fields. G/H
\ 0(Sw+S
PENP N ST

fix 5P =0
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Matching with the PFBF gauge

Massive ghosts of the PFBF gauge don't need to be mimicked by any EFT loops

FUV D Det(g,')Dlj) = Det(g")D/j)‘hard

uv }A’ fv&< =0 EFT
Integrating out heavy vectors at tree-level gives identical vertices to the

soft-region of UV loops
Also the GF condition

for the quantum fields.
(0) G/H 5(Sw + S5/
SEFT = 5Uv + Sﬁx ) T

=0

Matching broken gauge theories with the PFBF gauge

Py T [ 5ruv ar
SEFT[d)] = ruv[n”hard- |h d[ ]_O

AET [2404.11640]

The soft-region cancellation of the one-loop functional traces can be explicitly demonstrated
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m Practical matching relies on the hard-region matching formula

m The formula can be generalized to unbroken gauge theories with the BF
gauge

m The partially fixed BF gauge allows for extension to broken gauge symmetries

Thank you!
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