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Direct searches for new physics

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

ATLAS Preliminary

Status: March 2022 [£dt = (3.6-139) fb? V5=8,13TeV
Model Gy Jetsi ET™ [ram) Limit Reference
T T
@9 ADD Gy +g/q Oepry 1-4f Yes 130 [Wg ATV =2 210210874
S | ADD non-resonant yy 2y 367 Ms 8.6 TeV n=3HLZNLO 1707.04147
@ AopBH 2j 370 | Ma 89TeV 170309127
2| ADDEH nutjer - 23 - 36 M 955TeV| 1= 6 Mo = 3ToV, el BH 151202596
= RS1 Gk — 2y - - 139 Gik mass. 45TeV KMy = 0. 210213405
B BukRS Gk — WW/ZZ multi-channel 36.1 Grk mass 2.3 TeV 1808.02380
8 | BUkRS Gox— WV S tvag  Teq  20/1J  Yes 139 |Gucmass 207eV kiMo =10 2004.14836
& | BukRS g — it Teu 2102102 Yes 361 |mocmass 38TV = 1% 1804.10823
2UED/ RPP 1ep 22b23] Yes 36.1 KK mass 1.8TeV Tier (1,1), BAY — t) =1 1803.09678
SSMZ/ 11 2en - - 19 |z 51Tev 190306248
- 7o 2r - - 361 [zmas 242TeV 170907262
< Leptophobic Z’ — bb b 36.1 2 mass. 2.1 TeV 1805.09299
Leptophobic Z” — tt Oep  21b,22J Yes 139 2" mass. 4.1 TeV rim=12% 2005.05138
SSMW oy e S Yes 138 | Wemass 60TeV 05
SSMW — v T - 139 [ W mass 50TeV ATLAS-CONF 2021.025
& AVTW Wz sagmodels tew 201100 Yes 10 |Winas 43TeV w=3 2004.146%6
HVT W’ — WZ — ¢v ('’ model C 3 e u 2j(VBF)  Yes 139 W’ mass 340 GeV' 8ven =181 = ATLAS-CONF-2022-005
HYT M~ W nocel 16,220 139 [ wemass 32Tev & =3 007,052
LRSM Wp 19 - 0 |Wamass 50TeV m(Ne) = 05TV, g = g 190412679
Claqaq 2 370 |a 218TeV 1, 170300127
— Clttqq 2ep - - 139 A 358 2006.12946
O Cleebs 2e - 138 [A 18TeV. 2105.13847
Cluubs 2p - 139 A 20TeV 2105.13847
Cleeee >t en Yes 361 |A 257TeV 181102305
Axial-veclor med. (Dirac DM) O e.i.r.y Yes 139 | 217ev 210210074
= | Pseudo-scalarmed. (DiracDM) 0 e,u,7,y Yes 139 | 376 GeV. 2102.10874
8 Vector med. Z'-2HDM (Dirac DM) 0 e, Yes 139 | mues 31 TeV an 25 108.133¢
Pseudo-scalar med. 2HDM+a__ multichannel 139 | Mo 560 GV et et iy ocey | AnagONr 201038
Sca\zv LQ 1% gen 2e 22j Yes 139 LQmass. 1.8 TeV B=1 2006.05872
calar LQ 2" gen 2 H 22 Yes 139 LQmass 1.7 TeV. B=1 2006.05872
o SR L6 3¢ gon T b, Yes 139 fLGimass 12TeV BLQY — br) =1 210607665
S ScalarLa 3¢ gen oen Yos 139 |Lofmass 124Tev (L) 200414060
Scalar LQ 3" gen =2e.p. T 21], - 139 LQj mass. 1.43TeV. B(LQY ~ n) =1 210111582
Scalar LQ 3 gen Conatron 2, Zb Yes 139 | Lod mass 126 TeV. 5(0} - 210112527
Vector LQ 3 gen 1T Yes 139 | LQjmass 177 Tev B(LQ er ~ 0.5, VM coupl. 210807665
VLQTT = 2t 4 X 2e2uxdep 21b.21) - 139 [ SU2) doutlet ATLAS.CONF-2021-024
29 Vioss - Wb mult-channe 361 |Bmass 133 TeV SU@) doutlet 180802
VLQ T3 T3 Tsjs = Wt + X Z(SSp’\Sep ‘1 b 21j 36.1 Tsj3 mass. X B(Tsj3 = W= 1, ¢(TssWe)= 1 1807111
% B VLG 1zt 139 mass. 1.8TeV SU(2) singlet, « ATLAS-CONF-2021-040
vLQ Y - Wb e 361 | Ymass 185 TeV. (0 W) a1 1207343
VLQ B = Hb Oen > 139 | Bimass 20TeV. SU2) doutir, ATLAS CONF-2021.018
g Erclodauark g - ag - 199 [iatimass 67TeV only u* and d*, A = m(g’) 191008447
£ Excitedquark g’ gy 1y 367 | a*mass 53TeV. only u* and d", A = m(q") 1709.10440
SE Exctedquark b — bg - 301 | b mass 26 Tev 0506200
& Excied leplon ¢* e 203 o0Tev 18112021
= Excited lepton v* 3eut - - 203 A=16TeV 1411.2021
Type Ill Seesaw 2! 3 4 en ‘21 Yes 139 NO mass 910 GeV' 2202.02039
2] - 361 |Npmass 32TV We) =41 oV, g0 = 180911105
W 23 4 e, ll (551 various  Yes 139 H* mass 350 GeV DY production 210111961
é 234eu( - 139 H* mass. 1.08 Tev DY production ATLAS-CONF-2022-010
= Sewr - - 203 O production B(H;* — e 11 2901
o ehatoed parilos B = 3671 | mult-charged paricle mass 1227Tev DY producion, 1 - 5e 181200678
Magnelic monopoles. - ~ 344 | monopolemass 237Tev O¥ production, 1 = 1o, spin 1/2 1905.10130
Vs=13TeV  {5=13TeV L 1
partial data full data 107! 1 10
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Direct searches for new physics

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

Status: March 2022 [£dt = (36 - 139) fo* V3-8, 13TeV
Model Gy Jetsi ET™ [ram] Limit Reference
T T
2 ADD Gkk +g/q Oeury 1-4j Yes 139 Mo 210210874
S | ADD non-esonant yy 2y 367 M 170706147
8 Aooosn 5 B [ e
8 ADDEH mujer - ECT T [ 151202506
= RS1 Gk — 2y - - 139 Gik mass. 210213405
B | BukRS G WW/ZZ  multi-channel 361 | Gumass 23Tev 160802380
8 BUKRS Gux— WV - tvag  Tew  2i/1J Yes 139 |Geemass 207ev 10 200414636
Iﬁ Bulk RS grx — tt Tepn 21b212) Yes 36.1 Bk Mass. 38Tev 1804.10823
2UED/ RPP Tep 22b, 23] Yes 36.1 KK mass 1.8 TeV T\evn ‘] IA(A (10 5 e) =1 1803.09678
SSMZ 1t 2en - 19 | 51Tev. 190906248
o | SSMZ e 2r - - st [zms 242Tev 1007242
< Leptophobic Z* — bb. 2b 36.1 2 mass. 2.1 TeV 1805.09299
Leptophobic 2 — tt Oepu =21b22J Yes 139 2" mass. 4.1 TeV rim=12% 2005.05138
SSM W’ — v Tep - Yes 139 W’ mass 6.0 TeV
SSM W — v T Yes 139 |Wemass 507TeV ATLAS CONF 2021,025
S ssuw o S zibaty - 19 | wemess 44TeV ATCAS CONF 2021.043
& | HTW Wz bggmedes Ten 21100 e 120 | Wi 43Tev =3 200414636
VT W2 modelC 3o ZIVBE) ves 139 | Wemes 340 Gev. Svn=1.5:=0 ATLAS-CONF 2022.005
BT Wi ok s1b224 139 | wemass 327Tev 53 007,052
LASM Wy G TR R W 50Tev ) = 05ToV = 1904 12675
Claaaa i 1000127
= Clltqq - psaTeV . 2006.12946
O Cleebs 2105.13847
ew sics looks to be
Gl 81102305
Axial-vector med. (Dirac DM) m(\J 1 GﬁV 210210874
= Pseudo-scalar med. (Dirac DM) 1 . I 2102.10874
s ==wiy weakly interacting or heav
Pseudo-scalar med. 2HDM:a s [rinooae | muadoonsmeross
Scaar LQ 1% gen . s 2006.05872
Scalar LQ 2" gon Base assumption for use of EFTs 200605872
o | Scalrlas?gen 210807665
S | ScalrLaz@gen L 2004 14060
Scalar LQ 3" gen s - o ) 210111582
Scalar LQ 3 gen Oejn>170-2)2b Yes 139 |LOimass 126 TeV. BLQY b =1 210112527
Vector LQ3" gen 1T 2b Yes 139 |kQ5imass 177 Tev B(LQY — br) = 0.5, YM coupl. 2108.07665
VLQTT - 2t 4 X 2e2u>Bep 21b,21) - 139 |Taass 14TV U2 doubet ATLAS-CONF 2021024
29 vioss iz x mult-channel 361 |Bmass 134 TeV. SUgz) doubet Te08 02043
VLQ Ty Topl Toa — We+ X 2(6S)23 41 >1b.>1] Yos 361 | Tapmass B(Tys - Wi)e . TyaWe)e 1 711
£3 v 12t Ten  21623) Yes 139 |Tmass 18Tev SUGE) sglet 1 ATLAS CONF-2021.040
VLQY - Wb Tepn =1b, Yes 36.1 Y mass 1.85 TeV B(Y - Wh)=1. tnleJ 1 1812.07343
VLQ B - Hb Oeu =2b, > ) - 139 B mass. 2.0TeV SU(2) doublet, x; ATLAS-CONF-2021-018
B8 Eciosqurcq — as - 2 - 19 |ames 67Tev oy and A = m(a") 191008447
S Excited quark ¢* — qy 1y 1 - 367 |a'mass 53TeV only u* and d, A = m(q") 170910440
SE Exciedquark b - by S et — den [bmas 26Tev 1605.05285
& § Excied lepton e S - s oTev 1411 2921
== Excited lepton v* 3euT - - 203 A=16TeV 1411.2921
Type Ill Seesaw 2! 3 4 en ‘21 Yes 139 NO mass 910 GeV' 2202.02039
LASM Majorana » 2 - 361 | Namas 327ev (W) =41 TeV, g0 = g 1609.11105
Higgs triplet H** — W=W* 2.3, ‘e o (ssy various  Yes 139 | H#mass 350 GeV. DY production 210111961
8 Higgs triplet 234 eu ( = 139 | e mass 1,08 TeV DY producion ATLAS.GONF-2022.010
S | Higgs triplet H Ser - - 203 DY production, B(H;" — t7) 11,2921
Multi-charged parhdcs - - - 36.1 multi-charged particle mass 1.22Tev DY production, |q = Se 1812.03673
Magneti monopoles - 344 [ monopolemass 237Tev OF producton I — 1g0. spn1/2 | 190510130
Vs=13TeV  y5=13TeV. 1
partial data full data 107! 1 10
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Effective field theory

High-energy physics manifests as contact interactions in EFTs

e UV Physics

C
X L:SMEFT = ESM + Z Z %OD,I(
D=5 k

L L

=9
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Effective field theory

High-energy physics manifests as contact interactions in EFTs

e UV Physics

C
L:SMEFT = ESM + Z Z %OD,I(

D=5 k

m Bottom-—up:

— EFTs allow for a model-comprehensive
("model-independent”) analysis of deviations from the SM,
quantifying possible deviations as an expansion in £/A

L L

=9

N
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Effective field theory

High-energy physics manifests as contact interactions in EFTs

e UV Physics
C
Lswerr = Lo + Z Z %OD,I(

D=5 k

m Bottom-—up:

L

— EFTs allow for a model-comprehensive
(“model-independent™) analysis of deviations from the SM,
quantifying possible deviations as an expansion in £/A

m Top—down:

Precision calculations necessitates the use of EFTs to separate
the large BSM energy scales

=9

— Many BSM models results in the same EFT, ensuring that
computation are reusable: you only need to compute once in
the EFT

N
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Top—down EFT workflow
EJ\

\
new ™ | np

5y

Matching i

Jenkins,

x enkin:
SMEFT [© ..

Alons

Manohar, Trott
Manohar, Trott

et al. [1312.2014]

‘o\es,, .
O‘oSeNa 1 Matching i Jenkins, Manohar, Stoffer [1709.04486]

Dekens, Stoffer [1908.05295]

A Jenkins, Manohar, Stoffer [1711.05270]
(9]
LEFT
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Top—down EFT workflow

Included in codes
wilson and DsixTools

Aebischer, Kumar, Straub [1804.05033

Cellis ¢

Fuentes-Martin et al

4

EJ\

NP

Matching

1

SMEFT

-+ Matching i

LEFT

5y

Y
(9]

s, Manohar, Trott [1308.2627]
ar, Trott [1310.4838]

[1312.2014]
Jenkins, Manohar, Stoffer [1709.04486]
Dekens, Stoffer [1908.05295]
Jenkins, Manohar, Stoffer [1711.05270]

The repetitive nature of EFT computations call for automated tools!
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Top—down EFT workflow

E4

Included in codes

wilson and DsnxTooIs )

Matching

Jenkin

)|

SMEFT

Jenkins,

Alonso et al

[2112.10787

rtin, Kénig AET

Pages

Manohar, Trott
Manohar, Trott
[1312.2014]

Aebischer, Kumar, Straub [1804.0503 -+ Matching )
N b -+ Jenkins, Manohar, Stoffer [1709.04486]
Cellis [1704.04504 el < 1908 055¢
1 ekens, Stoffe 08.052
Fuentes-Martin et al. [2010.16341 ns, Stoffer [1008.05295]
A Jenkins, Manohar, Stoffer [1711.05270]
9]

LEFT

The repetitive nature of EFT computations call for automated tools!
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Top—down EFT workflow

EJ\

Matching

Fuentes-N

Wilsch [22

g Jenkins, Manohar, Trott [13

SMEFT |© T

[1312.2014]

Man.
Included in codes
wilson and DsixTools
S

3 -+ Matching
o 4 Jenkins, Manohar, Stoffer [1709.04486]
R Dekens, Stoffer [1908.05295]

Jenkins, Manohar, Stoffer [1711.05270]

Aebischer, Kumar, Straub [1804
Cellis

Fuentes-Martin et al

o
+ LEFT
The repetitive nature of EFT computations call for automated tools!
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On-shell EFT matching

Given Lo @] = Lin® @]+ D 92 Qu® ¢] Mo~ A>my

Heavy fields a

determine Lo @] = Lianl¢] + Y Ci(9) Okld]
k
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On-shell EFT matching

Weak (physical) matching condition

(FISE 1) = (f|Smat |1yrotn asy). Vi, f € {low energy}

I
@F

Given Lo[®, ¢] = Liin[®, ¢] + Z 92 Qa[®. 4] Mo ~A>my

Heavy fields

determine Leer[¢] = Luinld] + ) Ci(g) Oxl4]
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!

Anders Eller Thomsen (U. Bern) Gauge-Fixing in EFT Matching PSI 2024 4



Off-shell matching

Strong matching condition

WEFT[Jd)] = WU\/[J(‘]) = O, J¢]

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

Off-shell ext. states

m Unphysical matching condition (it is stronger than needed)
m Strong matching condition = weak condition

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

Anders Eller Thomsen (U. Bern) Gauge-Fixing in EFT Matching PSI 2024 5



Off-shell matching

Strong matching condition (equivalent)

el = T [318], 8. 0= 2[314). 4]

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

()~
> = 2 o
©
1PI 1LPI 1Pl

m Reduced number of diagrams
m We may directly solve for Sger C et
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Off-shell matching

Strong matching condition (equivalent)

el = Tw[818], 8. 0= 2 2[BId], 4]

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

Z 1PI

1PI 1LPI 1Pl

m Reduced number of diagrams
m We may directly solve for Sger C et

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

I~ Suv
SO = s[4, 9], O

[CD[dJ] 0] =
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Off-shell matching

Strong matching condition (equivalent)

el = Tw[818], 8. 0= 2 2[BId], 4]

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

1P|
1PI 1LPI 1P'

m Reduced number of diagrams
m We may directly solve for Sger C et

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

55uv

SO[¢] = Sw[[4)], ¢]. [q>[¢] ¢] =

What about Ioop-level matching?

Anders Eller Thomsen (U. Bern) Gauge-Fixing in EFT Matching PSI 2024 6



Separation of scales

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

(1)
- SEFT

re -

1—loop

g \;‘Q/ C/[Dd)]eiS(EOF)T

soft: k2 <« N\?
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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

Anders Eller Thomsen (U. Bern) Gauge-Fixing in EFT Matching PSI 2024 7
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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

Anders Eller Thomsen (U. Bern) Gauge-Fixing in EFT Matching PSI 2024 8



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

Anders Eller Thomsen (U. Bern) Gauge-Fixing in EFT Matching PSI 2024 8



Background field gauge

Background field method: # background field gauge
(anti-)ghosts

MA = —i Iog/DADJJ exp[/ (S[A + A+ SS[A+A w, O] + /JjAf} ) ]
Generalization of the R¢ gauges:

siA w. o= [ ( el Flslela - )T +wAFfB[elD“[A1wB)

Fis[0] = 6"8, + fAcOS

Anders Eller Thomsen (U. Bern) Gauge-Fixing in EFT Matching PSI 2024



Background field gauge

Background field method: # background field gauge
(anti-)ghosts

MAl = —/log/DADJJ exp[/ (S[A + A+ SS[A+A w, O] + /JjA{j)]

Generalization of the R¢ gauges:

siA w. o= [ ( el Flslela - )T +wAFfB[elD“[A1wB)

FMAB[@] =650, + fACBeS
S To Sed o T o T [ -2 TV T-CH it is more than a mere gauge

- 1 _ _ _
SCIA+A w, Al = — /( 2—£[DH[A]AZ‘]Z + waD,[AIDH[A + A]wB)
X
bkg. G invariance: &,Zﬁ = D,[Alo”, gaAfL‘ = —fABCaBAE

Anders Eller Thomsen (U. Bern) Gauge-Fixing in EFT Matching PSI 2024 9



Gauge-invariant effective action

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

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

I = —/|og/DnD<L exp[i (S[n+n] 4SS0+ 7, w, 7 +[XJm/)]

Anders Eller Thomsen (U. Bern) Gauge-Fixing in EFT Matching PSI 2024 10



Gauge-invariant effective action

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

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

I = —/|og/DnD<L exp[i (S[n+n] 4SS0+ 7, w, 7 +[XJm/)]

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

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

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

I = —/|og/DnD<L exp[i (S[n+n] 4SS0+ 7, w, 7 +[XJm/)]

Not the Legendre trans.

r[ﬁ]/ of a vacuum functional! rBF[ﬁ] = F[ﬁ] + Sgkg. [ﬁ]

Unique EOM sol

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

_ o N
WBF[J] = rBF[n] + /J/nlv Ji=- Bign]’
x on
rBF Legendre trans. WBF on-shell S-matrix

Anders Eller Thomsen (U. Bern) Gauge-Fixing in EFT Matching PSI 2024 10



Matching in an ordinary BF gauge

A version of the strong matching condition is
rEFT[¢] |_UV[ ] 6rgl\f/

0P

n =0

Anders Eller Thomsen (U. Bern) Gauge-Fixing in EFT Matching PSI 2024 11
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Matching in an ordinary BF gauge

A version of the strong matching condition is

rEFT[¢] |_UV[ ]

Choosing identical Sbkg [¢] for UV and EFT yields

oryy

0P

n =0

I_/ Sbkg is ® independent

5 o

FEFT [5] = Fuv [ﬁ] )

Anders Eller Thomsen (U. Bern) Gauge-Fixing in EFT Matching PSI 2024 11
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Matching in an ordinary BF gauge

A version of the strong matching condition is

rEFT[¢] |_UV[ ]

Choosing identical Sbkg [¢] for UV and EFT yields

oryy

0P

n =0

I_/ Sbkg is ® independent

LI

0P

FEFT [5] = Fuv [ﬁ] )

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

Py T [ 5ruv ar
SEFT[d)] = ruv[n”hard- |h d[ ]=0
AN

GIEA!

AET [2404.11640]

e also Henning, Lu, Murayama [1412.1837]; Fuentes-Martin, Portoles, Ruiz-Femenia [1607.02142

Anders Eller Thomsen (U. Bern) Gauge-Fixing in EFT Matching PSI 2024 11
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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),SO(10) — Gsm
— SU(2)12 x SU(2)s — SU(2)L
- SU@)L x U(1)y — U(1)em

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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Spontaneous symmetry breaking

A scalar VEV breaks G — H:
@) =vi#0,  ?cn

The G-covariant derivative decomposes as
Gauge bosons of H
_ AV — _ iR«
D, =d, — IVMX,, d, =0, IBM ta

™\ Massive gauge bosons

All types may contain

and the scalars as multiple irreducible
WOUId}be GBls representations of H
la __ a a a __ a 1 - a
@7 = v+ 0 =i+ x'M;f;
\ “Higgs" fields
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Spontaneous symmetry breaking

A scalar VEV breaks G — H:
@) =vi#0,  ?cn

The G-covariant derivative decomposes as
Gauge bosons of H
_ AV — _ iR«
D, =d, — IVMX,, d, =0, IBM ta

™\ Massive gauge bosons

All types may contain
and the scalars as multiple irreducible

Would-be GBs representations of H

iy o=
QO/a:Va'FQDa, Qoa:(p‘;'i_X/M,'lfia
\ "Higgs" fields
The scalar kinetic term gives masses to the Vu" gauge bosons:

D (9)? = Ldu@ihapd 0l + Tduxid*x' + SMPVAV] + dix; MV

N

+ 3V (9axiyd 0®) + SV (xix50)7 — VIV faxip?
And much more algebra...
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Background field gauge

The gauge-fixing terms in ordinary BF gauge for G — H gauge theories

1

G _ slghgagygh _ L gryig v gty a2 i loupaa-l v kv
Lec. = = 3¢ 30" BYA" By — 2. VATV 4 Mixd Vi = S MPxix' = £ Buaaﬁfﬁjk\/,,v

- ?lié(;}j £ VLVIR B VEVEY 4 (@R BT + £ VILVIR) (s £ g — o 2t3,00)
- géaﬁ(x, Flo® — i 2t3Ph) (i ¥ gt — v ctB4h) - %EMVJVJu(f/ja B 4 V)
= e VIV (o B+t V) (74857 4 gV ™) 4 £ (000l (oenfym?)
+ (M — i0axiy@? )V, (1 B + £ VKB — idh Vi pax?o? + iEMx 0axd,aP,
£ = —Ta @ — 7@+ AP Tafpy B 1T o BRY + e (Vi + Y

+ ATV, + VU jo e + k) — T r® Vi dh e —aVl (7o a e + £ dt uk)

= . o i gop, k=
~Caf® i o VB ~7;

i itk

1 BOR(F1 o PO Y £y H ggut)

~ VR WE +VD[Car® kMg P+ Taf ™ gl + T g P s B T (F o P g+ Mg ]
ptVulcakmt g c cal™m’ g Uit km® 4B Uill ka7 gf kmT U

+£Eaé°‘5[i,f’5jﬂw(?+x)k*@ha(tatﬁ)ab(%JrWh)b]CA’

+ECad®P[Mix; o — Ba(tax)?p @ +0)P1u

— €0 [f o MR+ XY +Balx ta)? (@ + 9)P]c

— a6 jMP — it axiy @+ 0P — 6,6 K52, 8 + B2 (X %) p @ + 9)P]
. a i a i LOBRY T —a —i
quantum @ B}, V,, ¢}, X background : B, V,, ¥;, X
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Decoupling

Matter fields

En “Gauge fields”
G
H GH
i I ) A S
H
EFT| |B2, o &, v

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

Sw[ng]l = Suv[n].
SEFT[¢h] = SEFT[(i)]. Vhe HCG

PSI 2024 15
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Matching spontaneously broken gauge theories

What happens to matching with the BF gauge?

e G-inv.
6rUV art
Seeeld] Z Tolmll, ., Mohart g _ g

H-inv.
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Matching spontaneously broken gauge theories

What happens to matching with the BF gauge?

G-inv.
? G O ¢ Inard
Seer[@] = ruv[n] hard jzsbk/gH %[n] =0

H-inv. Determines how massive vectors are integrated out
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Matching spontaneously broken gauge theories

What happens to matching with the BF gauge?

G-inv.
? G O ¢ Inard
Seer[@] = ruv[n] hard jzsbk/gH %[n] =0

H-inv.

What about the 1:1 correspondence between soft UV and EFT loops?

uv E of?, 3>-< EFT
\ Tree-level EOM

Quantum gauge with bkg. gauge S

L G /7kg
condition Sg;
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Matching spontaneously broken gauge theories

What happens to matching with the BF gauge?

G-inv.
? G O ¢ Inard
Seer[@] = ruv[n] hard jzsbk/gH %[n] =0

H-inv.

What about the 1:1 correspondence between soft UV and EFT loops?

ft?
Quant \ Tree-level EOM
/% col;adr;t;T %;“ge with bkg. gauge Shkg

uv ¢ «V\ soft >> w~ EFT?

\5 What gauge is this?

A 1:1 cancellation would depend intricately on S/ (EFT), S&, (UV), and kagH

fix
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Matching spontaneously broken gauge theories

What happens to matching with the BF gauge?

G-inv.
? G O Inard
Seer[@] = ruv[n] hard lsbk/gH &Lh A =0

H-inv.

What about the 1:1 correspondence between soft UV and EFT loops?

G/H
bkg

ELN >> w~ EFT?

What gauge is this?

A 1:1 cancellation would depend intricately on S/ (EFT), S,

fix

(UV), and kagH
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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 more “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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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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