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Direct searches for new physics

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

ATLAS Preliminary

Status: March 2022 [Ldt = (3.6 139) fot \5=8, 13 TeV
Model Gy Jetsi ET™ [ram) Limit Reference
T T

@9 ADD Gy +g/q Oepry 1-4f Yes 130 [Wg 2TV -2 210210874

S | ADD non-resonant yy 2y 367 Ms 8.6 TeV n=3HLZNLO 1707.04147

@ AopBH 2j 370 | Ma 89TeV 170309127

8 ADDEH mujer - 23j - 36 | M 955TeV. 1= 6. Mo = 3TeV. 1ot BH 151202586

£ RST Gex 2y - - 139 | Gacmass a5Tev k[Fp =0, 210213405

B Buk RS Gk — WW/2Z multi-channel 36.1 | G mass 23TeV. 1808.02380

£ BukRS Gk —» WV — tvaq Teq  2i/1J  Yes 139 | Guxmass 20TeV. k[Mpr =10 2004.14636.

& | BukRS g — tt Te 21b2102j Yes 361 | Bocmass 38TV = 1% 1804.10823
2UED/ RPP fen  22b23) Yes 361 | KKmass. 18TeV Tier (1.1), BAM) — t1) = 1 180309678
SSMZ/ 11 2en - - 139 [zrimess 51Tev 190306248

- 7 e 2r - - 861 |Z'mss 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
SSM W — tv e S Yes 138 | Wemass 6.0TeV 05
SSM W 7 T - 139 [ W mass 50TeV ATLAS CONF 2021.025

& | HTW Wz ogmosels ten 2i/1JT Yes 199 | Winass 43Tev w=3 20041463
HVT W’ — WZ — ¢v ('’ model C 3 e u 2] (VBF)  Yes 139 W’ mass 340 GeV' 8ven =181 = ATLAS-CONF-2022-005
ENT Y.~ W macelo 16,220 139 | wrmass 32Tev a3 007,052
LRSM Wy, 19 - 80 [Wmas 50Tev () = 05ToV. £, = g 190412679
Gl aaaq 2 570 |a 218TeV 1, 170309127

— Clttqq 2ep - - 139 A 358 2006.12946

© | Cleebs 2e - 138 [A 18TeV. 210513847
Cluubs 2p - 139 A 20TeV 2105.13847
Gl 21 en Yes 361 |A 257Tev 181102305
Axial-vector med. (Dirac DM) O e, 7.y Yes 139 | 21Tev 210210874

= Pseudo-scalar med. (Dirac DM) O e.pi, 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¢
Psoudo-scalar med. 2HDMsa__ multi-channel 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 ScalarLQ 3¢ gen oen Yes 139 |LQymass 124Tev (L) 200414060
Scalar LQ 3" gen =2e.p. T 21], - 139 LQj mass. 1.43TeV. B(LQY ~ n) =1 210111582
ScalarLQ 3 gen Conatron 2, Zb Yes 139 | Lod mass 126 TeV. 5(0} - 210112527
Vector LQ 3 gen 1T Yes 133 | L0¥mass 177 TeV. B(LQ er ~ 0.5, VM coupl. 210807665
VLQTT = 2t 4 X 2ezu>3ep 21b.21) ~ 139 [ass SU2) doutlet ATLAS.CONF-2021-024

29 Vioss - Wb mult-channe 361 |Bmass 133 TeV SU@) doutlet 1608.02:

VLQ T3 T3 Tsjs = Wt + X 2(55;’\3:;4 ‘1 b 21j 36.1 Tsj3 mass. X B(Tsj3 = W= 1, ¢(TssWe)= 1 1807111
23w 12 139 | Tmass 18TeV SUE2) single, ATLAS-CONF-2021.040
VLQ Y - Wb e 361 | Ymass 185 TeV By - (=1 81207343
VLGB - Hb Oy = 139 | Bimass 20TeV. SU2) doutir, ATLAS CONF 2021018
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 — by - 361 | brmass 26Tev 180509269
@ § Excitedlepton (* 3en 203 o0Tev 1a11.2921
| Excitedlepton v demur - - 203 A=16Tev 14112921
Type Ill Seesaw 2! 3 4 en ‘21 Yes 139 NO mass 910 GeV' 2202.02039
2j - 61 |Namas 32TV We) = 4176V, g, = 1809.11105
W 23 4 e, ll (551 various  Yes 139 H* mass 350 GeV DY production 210111961
5 234 e = 139 MeEmass 108Tev DY production ATLAS GONF 2022010
= Sewr - - 203 O production B(H;* — e 11 2901
o ehatoed parilos B - o1 | mucnaedpaicemass 122Tev O producton, i — 5e 181203673
Magnelic monopoles. - - 344 | monopo 237Tev O production, g — 150, 591 1/2 1905.10130
Vs=13TeV  y5=13TeV. A T 1
ial d: )~
partial data full data 10 1 10 mass scale [TeV]
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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
@ ADD G + 510 Oepry 1-41 Yes 139 | 210210874
S | ADD non-resonant yy 2y 367 M 70700147
8 Aooosn 5 B [ e
2| ADDEH nutjer - B - 3s M 151202596
= RS1 Gk — 2y - - 139 Gik mass. 2102.13405
B BukRS Gex - WW/ZZ  multichannel 361 | Gumass 23Tev 180802380
£ BUKRS G WV slvag  Tew  20/1J  Yes 139 [Gucmass 207eV 1My =10 2004.14836
Iﬁ Bulk RS grx — tt Tepn 21b212) Yes 36.1 Bk Mass. 38Tev 1804.10823
2UED/ RPP lep =22b23] Yes 36.1 KK mass 1.8TeV T\evn ‘] IA(A o) =1 1803.09678
ssMZ' o 2en - 139 |z 5TeV 190306240
- 7o 2r - - a1 |zms 242TeV e072ez
< Leptophobic Z* — bb. b 36.1 2 mass. 2.1 TeV 1805.00209
Leptophobic Z” — 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. 056
SSMW — v T Yes 139 |Wemass 507TeV ATLAS-CONF 2021.025
S ssuw o S zibaty - 19 | wemess 44TeV. ATLAS-CONF-2021.043
& AVTW Wz sagmodels tew 201100 Yes 10 |Winas 43Tev w3 2004.146%6
VT W2 modelC 3o ZIVBE) ves 139 | Wemes 340 Gev Svn=1.5:=0 ATLAS-CONF-2022.005
BT Wi ok 2122 139 | wemass 327V & =3 007,052
LRSM Wp 5 1o 0 |Wmas 50TeV ) = 05ToV = 190412679
Claqaq i 1000127
= Clltqq - psaTeV . 2006.12946
© | Cleebs 210513847
ew sics looks to be
Cleeee 181102305
Axial-vector med. (Dirac DM) m(\J 1 GﬁV 2102.10874
= Pseudo-scalar med. (Dirac OM) 1 M I 210210874
=i weakly interacting or heav
Pseudo-scalar med. 2HDM+a s [rinooae | muadoonsmeross
Sealar LQ 1¥ gen . % 200605072
Scalar LQ 2" gen 200605672
- B Base assumption for use of SMEFT zooeosee
S | ScalrLaz@gen L 2004.14080
Scalar LQ 3 gen o ) 210111582
Scalar LQ 3" gen O, u, S0~ 2, 2b Yes 139 I.Q:Mn 1.26TeV. B(LQY - bv) =1 210112527
Vector LQ 3" gen Yes 139 | Lol mass 177 TeV B(LQY — b) = 0.5, YM coupl. 210807665
VLQTT - 24X 2eubdep 210.21] — 139 |ess SU(2)doutet ATLAS-CONF-2021-024
2o vigss iz mult-channel 361 [Bmass 134TV SU(2)doubiet 180802
VLQ T3 Ts3l Tsjs = Wt + X 2(SS)/z8 e 21D, Yes 36.1 Ts3 mass X B(Tsj3 = W= 1, ¢(TssWe)= 1 1807111
£3 w 12t Teu  21533] Yos 138 |Tmass 18TeV SU2) singlt. ATLAS-CONF-2021-040
VLQY - Wb tlep =1b Yes 36.1 Y mass 1.85 TeV B(Y - Wh)=1. tnleJ 1 1812.07343
VLQ B = Hb Oeyu 22b> - 139 B mass. 2.0TeV SU(2) doublet, x; ATLAS-CONF-2021-018
B Exciodquarcq - 5 - 2) - 139 |avmas 67TeV onlyuand o', A = m(a') 191008447
25 Exiedquarkg’ 1y 1] - %67 |amass 53TeV only u and ', A — m(a’) 1709.10440
SE Excited quark b - bg - b1 - 361 |btmass 26Tev 180500299
& Excied leplon ¢* e S - s oTev 18112021
| Excited lepton v* Feur - - 203 A=16Tev 14112921
Type Ill Seesaw 2! 3 4 en ‘21 Yes 139 NO mass 910 GeV' 2202.02039
LRSM Majorana » 2 - 361 | Namas 327V Wi = 4.1ToV, g = 160911105
Higgs triplet H** — W*W* 2.3, ‘e o (ssy various  Yes 139 | H#mass 350 GeV. DY production 210111961
5 Hgge vt 1 234 eu ( = 139 | e mass 1,08 TeV DY producion ATLAS.GONF-2022.010
S Hiogsi Ser - 203 DY production, B(H;" — t7) 11,2921
ulti- chalgcﬂ parhdcs - - - 36.1 mult- warged pall\c\s mass. 1.22TeV. DY production, |q = Se 1812.03673
Magnetic monopoles - 34.4 monopol 237 TeV. DY production, |g| = 1go, spin 1/2 190510130
V5=13TeV  V5=13TeV 4 n
ial d: )~
Pertialdate | EtlNGets 10 1 10" Mass scale [Tev]
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Effective field theory

High-energy physics manifests as contact interactions in EFTs

UV Physics
/ Yy

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 model-comprehensive (“model-independent”)
analyses of deviations from the SM, quantifying possible
deviations as an expansion in E/A

L L

=9

N
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Effective field theory

High-energy physics manifests as contact interactions in EFTs

UV Physics
/ )

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

m Bottom-—up:

(L

— EFTs allow for model-comprehensive (“model-independent”)
analyses of deviations from the SM, quantifying possible
deviations as an expansion in E/A

m Top—down:

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

=9

— Many BSM models result in the same EFT and
calculations can be recycled: you only need to compute once
in the EFT

N
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BSM EFT workflow

EJ\

e\
od NP |»

&) Machacek, Vaughn '83-85

S Matching i

~ 2500 ops

New ™

Jenkins, Manohar, Trott [130
Jenkins, Manohar, Trott [1310

SMEFT | aore et oo

Machado et al

N a‘O\ec"

Obse
-+ Matching -
41 Jenkins, Manohar, Stoffer [1709.04486]

~ 3700 ops

A Jenkins, Manohar, Stoffer [1711.05270]

LEFT |©
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How advanced are SMEFT calculations?

00 oo (@)
Lsuerr(9) = Lsu () + Z Z Z (167 2)@ /\d 4 t(fl(¢)
=0 H_/

double expansion

Loop

A3 % 10° ops 4 x 10" ops 2 x 10° ops
ord.

Y70772227777777

0200000525000 \

6 8 10 EFT ord.
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Why SMEFT at the FCC?

z. v

70 < 107
10 F s N § H l §10
100 o S < 10°
% 10° S:.m x 5 10°
£ 9 s N SE
S 10 § ! g€ 10
T 103 NN - if 3
S10 T 3 SR
, < = N N 2R
10 L] s YYSa8R 0
1 N ;117 ¥ ol
10 = SIS N U Rl 410

N NN N i
0 N NN NN 00
L SIRISISES SIS l 10

SINISISISIS SIS
Observable Physics Briefing Book [1910.11775]

m Indirect searches very competitive with direct BSM searches (-t by L alwicher)

m FCC to improve sensitivity to NP in rare-decays, Higgs physics, top physics, EW
precision
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https://arxiv.org/abs/1910.11775

Operator mixing, a SMEFT loop effect

06F | Lo | NLO+RGE
& | LO+RGE
% 0.4
&
0.2 ‘
S |
= O[)‘ Ll o1y AT ol
S 1L L G L
E
= -02
o
o
X 04
= A=14TeV
—0.6
> o oc S S o=
8
LR “ ‘ ‘\ W T “\ UL }\\ I
5
S
=
3 ¢
T v v T v = T8 =
Feed & SIS ER
Global fit with U(3)° flavor symmetry Figure from Bartocei, Biekstter, Hurth [2412.00674]
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https://arxiv.org/abs/2412.09674

Why we need N

m Sizable radiative QCD + top Yukawa effects

m Qualitatively new effects at 2-loop order Das Bakshi et al. [2103.15861]

Heavy fermions
producing CP-odd
triple gauge boson
interactions

| Surprisingly Iarge 2—|00p effects Ardu, Davidson [2103.07212]; Allwicher et al. [2302.11584]
LFV 4-fermion op- - = -

erator contributing 4-top operator con-
tou — ey tributing to myy

m Restoration of scheme invariance ~» minimizes theory uncertainties

Anders Eller Thomsen (U. Bern) SMEFT@NLO FCC Week 2025 7


https://arxiv.org/abs/2103.15861
https://arxiv.org/abs/2103.07212
https://arxiv.org/abs/2302.11584

SMEFTONLO: current status

LO | NLO | Automated
MC generators v v QCD effects only

Many decay and produc-
tion channels

Higgs physics v

EWP v (LO) Lacking full flavor de-
pendence

RG (anomalous dims.) v X v :/uelg partial 2-loop re-

SMEFT—LEFT matching | v | V v

UV—SMEFT matching |/ Broken gauge symme-

tries largely untested

Anders Eller Thomsen (U. Bern) SMEFT@NLO FCC Week 2025 8



Computational challenges

m Mature multi-loop EFT techniques have been developed for SM calculations
(WEH). A basis for SMEFT calculations @ NLO

m Continuation of 5 to d = 4 — 2¢ dimensions

— Semi-naive implementation (case by case validity)
— BMHV-scheme (gauge-restoring counterterms)

Tr [YaVu VYo Yo Y Y5 ] = ... 7!
m Evanescent operators become relevant @ NLO

m Experimentation with new computational framework (functional methods,
heat-kernel, etc.)

. P .
! N s 1 : et
I—U\/ = SUV+§|Og’\\_ /l+ 2\\_ E‘\' \ [ ,:"‘O(hg)
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Two-loop SMEFT RGEs

N FIATCHETE | ]

m Implementation based on Matchete
m Using newly developed functional methods

m Bosons are handled, fermions are WIP

Anders Eller Thomsen (U. Bern) SMEFT@NLO FCC Week 2025 10


https://arxiv.org/abs/2410.07320

Two-loop SMEFT RGEs

N\ FIATCAETE | - -

m Implementation based on Matchete
m Using newly developed functional methods
m Bosons are handled, fermions are WIP LL

L = FreeLag[] + cGt[] Gtilde;
L // NiceForm

- % 6“2 4 (D, T6* - D, c*) + g 6 (c6* - D, c6?) FYZ+ % CGt GHPY GYPZ GIXX £XYZ ghvox

ctlag = CountertermLagrangian[L, EFTOrder -» 6] // EchoTiming;
ctlag // NiceForm

» Added new CG cgl with indices {SU3c[adj], SU3c[adj], SU3c[adj], SU3c[adj]}
» Added new CG cg2 with indices {SU3c[adj], SU3c[adj], SU3c[adj], SU3c[adj], SU3c[adj]}
13695.1 — Mathematica, single core

1 A 1 g2 GHYX2 _ 51 2 1 gt G2 _3p 1 CGt g? GHYX GPOY GOKZ FXYZ ghvRK _
€ 4 € €
2 1

L ot g# GHYX 6PV GORE XY guvex
€

Bt gt G ooy e gove e 425

h

20 e

Born, Fuentes-Martin, Kvedaraité, AET [2410.07320]+W

Anders Eller Thomsen (U. Bern) SMEFT@ FCC Week
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https://arxiv.org/abs/2410.07320

Software tools

EJ\

\
New mode NP |z

F Matching i

Anders Eller Thomsen (U. Bern)

Evolving SMEFT coefficients:

Dsix w
4203 Tools

Fuentes-Martin et al. [2010.16341] Aebischer et al. [1804.0

RGEsolver
06838]

Di Noi, Silvestrini [2210

Common interface format:

(WCxf

Aebischer et al.

SMEFT@NLO FCC Week 2025 11


https://arxiv.org/abs/2010.16341
https://arxiv.org/abs/1804.05033
https://arxiv.org/abs/2210.06838
https://arxiv.org/abs/1712.05298

Software tools

EJ\

New mode\

O‘oseNab\eS: Matchingi

RXS|

Matching

Y
(9]

SMEFT

Y
(9]

- LEFT

Anders Eller Thomsen (U. Bern)

One-loop matching tools:

!ﬂﬁiﬁﬁiﬂl\\‘

AET et al

212.04510]

One-loop dictionaries:

SMEFT@NLO

o)

Guedes et al. [2303.16965]

Carmona et al.

FCC Week 2025

[2112.1078

7]
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https://arxiv.org/abs/2212.04510
https://arxiv.org/abs/2112.10787
https://arxiv.org/abs/2303.16965

Software tools

EJ\

\
Sl BN

New ™

RXS|

Matching

B

SMEFT |©

Matching

Anders Eller Thomsen (U. Bern)

SMEFT in event generators:

SMEFT@NLO SmeftFR

Degrande et al. [2008.11743] Dedes et al. [2302.01353

SMEFrrr}}

Brivio [2012.11343

Fitting tools:

R

SH\L 10.08 van Dyk et al. [2111.154
)
) HEPJi}

Aebischer et al. [1810.07698] de Blas et al. [1910.14012]

. HighPT

S MEFIT \HighPT
Ellis et al [LHi Hl??ﬂ Allwicher et al. [!1{/7 \17317}

Fitmaker

Ellis et al. [2012.02779]
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https://arxiv.org/abs/2008.11743
https://arxiv.org/abs/2302.01353
https://arxiv.org/abs/2012.11343
https://arxiv.org/abs/1810.08132
https://arxiv.org/abs/2111.15428
https://arxiv.org/abs/1810.07698
https://arxiv.org/abs/1910.14012
https://arxiv.org/abs/2012.02779
https://arxiv.org/abs/2207.10756
https://arxiv.org/abs/2012.02779

Summary and outlook

m Comprehensive SMEFT analyses benefit from inclusion of
higher order effects

m New computational /QFT challenges
m Software packages ~~+ new flexibility!

m Great progress and ... much more to come before the 2040's
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Summary and outlook

m Comprehensive SMEFT analyses benefit from inclusion of
higher order effects

m New computational /QFT challenges
m Software packages ~~+ new flexibility!

m Great progress and ... much more to come before the 2040's

Thank youl!
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