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Introduction

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

ATLAS Preliminary

Status: July 2022 JLdt = (3.6-139) fo! V5 =8,13TeV
Model f,y Jetst ET™ [rdifib] Limit Reference
T T — T T T — T T —
€W ADD Gux +g/q Oeput,y 1-4j Yes 139 |Mp 1127TeV| n=2 2102.10874
O  ADD non-resonant yy 2y - - 367 | Ms 86TeV  n=3HLZNLO 1707.04147
2 ADDQBH - 2j - 139 | My 9.4TeV n=6 1910.08447
© | ADD BH multijet - >3j - 36 | Muy 9.55TeV 1 =6, Mp =3TeV,rot BH 1512.02586
£ RS1 G —yy 2y - - 139 | Gy mass 45TeV k/Mp =01 2102.13405
° Bulk RS Gk — WW/ZZ multi-channel 36.1 Gk mass 2.3 TeV k/Mp; =1.0 1808.02380
g Bulk RS Gk — WV — fvqq Teu 2j/1J Yes 139 Gkk mass 2.0Tev k/Mp; =1.0 2004.14636
> Bulk RS gkk — tt Teu 21b 142 Yes 36.1 8Kk Mass 3.8TeV r/m=15% 1804.10823
W™ ouep/ reP leu 22b2>3) Yes 361 KK mass 1.8 TeV Tier (1,1), BAMY — tt) =1 1803.09678
SSM Z’ — ¢ 2e,u - - 139 | Z'mass 5.1 TeV 1903.06248
SSM Z' — 77 27 - - 36.1 |z mass 2.42 TeV 1709.07242
2 Leptophobic Z’ — bb - 2b - 36.1 Z’ mass 2.1 TeV 1805.09299
S Leptophobic Z’ — tt Oeu =1b,>2J Yes 139 Z' mass 4.1 TeV r/m=12% 2005.05138
§ SSM W’ — ¢v Tepu - Yes 139 | W’ mass 6.0 TeV 1906.05609
SSM W’ — 1v 17 - Yes 139 | W mass 5.0 TeV ATLAS-CONF-2021-025
S SSMW st - >1b>1J - 139 | W’ mass 4.4 TeV ATLAS-CONF-2021-043
3 HVT W' - WZ — tvggmodel B 1e,u 2j/1J Yes 139 W’ mass 4.3 TeV gy =3 2004.14636
8 HVT W’ — WZ — v ('¢’ modelC 3 e,pu j(VBF)  Yes 139 W’ mass 340 GeV gven=1,g=0 ATLAS-CONF-2022-005
HVT W' — WH — tvbbmodelB_ 1e,u  12b,1-0j Yes 139 | W mass 3.3 TeV gv =3 2207.00230
HVT Z' — ZH — ¢t/vvbbmodel B 0,2, 1-2b,1-0] Yes 139 Z' mass 3.2TeV gv=3 2207.00230
LRSM Wg — uNg 2u 1J - 80 | Wg mass 5.0 TeV. m(Ng) = 0.5TeV, g = gr 1904.12679
Cl gqqq - j - 37.0 A 21.8TeV 1, 1703.09127
— Clttqq 2eu - - 139 A 358TeV 2006.12946
O Cleebs 2e 1b - 139 | A 1.8 TeV &=1 2105.13847
Cl pubs 2pu 1b - 139 A 2.0TeV g 2105.13847
Cl tttt >lepy >21b21] Yes 361 A 2.57 TeV |Cal = 41 1811.02305
Axial-vector med. (Dirac DM) Oeut,y 1-4j Yes 139 Mined 21 TeV 84=0.25, g,=1, m(x)=1 GeV 2102.10874
= Pseudo-scalar med. (Dirac DM) O e,u, 7,y 1-4j Yes 139 Mped 376 GeV 8q=1, gy=1, m(x)=1 GeV 2102.10874
Q Vector med. Z’-2HDM (DiracDM) O e, u 2b Yes 139 Mmed 3.1TeV tanB=1, gz=0.8, m(y)=100 GeV 2108.13391
Pseudo-scalar med. 2HDM+a  multi-channel 139 | Mmed 560 GeV tanp=1, g,=1, m(y)=10 GeV ATLAS-CONF-2021-036
Scalar LQ 1% gen 2e >2j Yes 139 LQ mass 1.8 TeV B=1 2006.05872
Scalar LQ 2™ gen 2u >2j Yes 139 | LQmass 1.7 TeV B=1 2006.05872
(e} Scalar LQ 3 gen 17 2b Yes 139 '-Qs mass 1.2 TeV B(LQy — br) =1 2108.07665
= | Scalar LQ 3 gen Oeu  22j,22b Yes 139 | LQj mass 1.24 TeV 2004.14060
Scalar LQ 3" gen >2e,u,>17>1),>1b - 139 LQ3 mass 1.43 TeV 2101.11582
Scalar LQ 3™ gen Oeu, 217 0-2j,2b Yes 139 LO;’ mass 1.26 TeV S 2101.12527
Vector LQ 3" gen 17 2b Yes 139 | LQY mass 1.77 TeV B(LQY — br) = 0.5, Y-M coupl 2108.07665
® VLQTT - Zt + X 2e/2u/>Beu 21b,21) - 139 T mass 1.4 TeV SU(2) doublet ATLAS-CONF-2021-024
= @ VLQBB - Wt/Zb+ X multi-channel 36.1 B mass 1.34 TeV SU(2) doublet 1808.02343
& S VLQ Ts3Tss3|Ts3 » Wt + X 2(SS)/>8eu>1b>1] Yes 361 | Tsszmass 1.64 TeV B(Ts3 = W)= 1, o Te;sWe)=1 1807.11883
S E VLQT - Ht/Zt 1eu >1b,>3] Yes 139 | T mass 1.8 TeV SU(2) singlet, k7= 0.5 ATLAS-CONF-2021-040
§ @ VvLQ Y - Wb Teu >1b,>1] Yes 36.1 Y mass 1.85 TeV B(Y — Wb)=1, cg(Wh)=1 1812.07343
> VLQ B — Hb Oep >2b >1,>1J — 139 | B mass 2.0 TeV SU(2) doublet, k5= 0.3 ATLAS-CONF-2021-018
VLL 7 — Z7/Ht multi-channel ~ >1j Yes 139 7’ mass. 898 GeV SU(2) doublet ATLAS-CONF-2022-044
g 'g Excited quark ¢* — qg - 2j - 139 q" mass 6.7 TeV only u” and d*, A = m(q") 1910.08447
2 O Excitedquark g* — qy 1y 1j - 36.7 q" mass 5.3 TeV only u* and d*, A = m(q") 1709.10440
9 € Excited quark b* — bg - 1b1] - 139 | b* mass. 3.2 TeV 1910.0447
] @ Excited lepton ¢* 3eu - - 20.3 A=3.0TeV 1411.2921
Excited lepton v* Seut - - 20.3 A=16TeV 1411.2921
Type Il Seesaw 2,34eu >2j Yes 139 N mass 910 GeV 2202.02039
LRSM Majorana v 2pu j - 36.1 Ng mass 3.2TeV m(Wg) =4.1TeV, gL = gr 1809.11105
o Higgs triplet H* — W*Ww=* 2,3,4 e,u (SS) various Yes 139 H** mass 350 GeV DY production 2101.11961
D | Higgstriplet H** — £ 234eu(SS) - - 139 | H* mass 1.08 TeV DY production ATLAS-CONF-2022-010
3 Higgs triplet H** — (7 3euT - - 20.3 DY production, B(H;* — (1) =1 1411.2921
Multi-charged particles - - - 139 multi-charged particle mass 1.59 TeV DY production, |q| = 5e ATLAS-CONF-2022-034
Magnetic monopoles - — — 34.4 monopole mass 2.37 TeV DY production, |g| = 1gp, spin 1/2 1905.10130
Vs=13TeV Vs=13TeV MR | " L MR | L L el L L P
partial data full data 107! 1

*Only a selection of the available mass limits on new states or phenomena is shown.
fSmall-radius (large-radius) jets are denoted by the letter j (J).

10 Mass scale [TeV]

Rachel Houtz

+ New physics has not been very
obvious

+ We are in the precision regime
for EW physics

We may instead see indirect
signals of decoupled new
physics

+ EFT’s are increasingly useful to
classify these signals
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SMEFT vs. HEFT

SMEFT HEFT HeFT
+ |nvariant under the gauge group + |nvariant under the gauge group
SU@3). x SU2), xU(1)y SU(3)e X U(1)em
+ Linearly realized EW symmetry * Nonlinearly realized EW symmetry

Weinberg (1979)
Feruglio (1993)
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SMEFT vs. HEFT

SMEFT HEFT reen
+ |nvariant under the gauge group + |nvariant under the gauge group
SU3)e x SUR2), xU(1)y SU(3)e X U(1)em
« Linearly realized EW symmetry * Nonlinearly realized EW symmetry
P1 | u(p) ©1
O B BEE 1 e A i A R ] e
Pa us(p) N
Vamerr = V(HTH) LyuppT = %(%)2 + % WF(R)]? (8@)? — V(h)
+ V(H'H) contains higher + V(h) contains higher dimensional operators

dimensional operators
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HEFT vs. SMEFT

+ The HEFT is the more general EFT:

HEFT

Quotient
Theories:

HEFT/SHEFT

Rachel Houtz

+ This talk focuses on the signals of

qguotient theories: HEFT/SMEFT

+ Quotient theory examples

+ |Integrate out a state that gets
all its mass from EWSB

+ |ntegrate out BSM sources of
EWSB

Cohen, Craig, Lu, Sutherland (2020)
Banta, Cohen, Craig, Lu, Sutherland (2021)
Cohen, Craig, Lu, Sutherland (2021)
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Quotient Theories

» Inthe HEFT, h and ¢; span a 4-dimensional manifold Alonso, Jenkins, Manohar (2015)

HEFT: O(4) — O(3)

SMEFT: 0(4)
b1 , ¥1
_ | 92 1 [ ¢ +igo _ <1 n _) 1
?=1 o H_\@(mﬂqbs) ’ v 2N
G4 Vi =@ @

» If the O(4) invariant point is present in the manifold, the theory can be
parameterized in the SMEFT Cohen, Craig, Lu, Sutherland (2020)

Alonso, West (2021)

June, 2023
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Quotient Theories

+ Scattering experiments can only probe to higher
terms in the Taylor expansion around the vacuum,
iInherently local

+ |f the manifold gets very close the O(4) point, quotient
theories become difficult to identify at colliders

+ Cosmology offers a global point of view

» The HEFT manifold can allow A in (—o0, c0), doubling the range & revealing new minima

W \(wW

VS.

h h

Rachel Houtz June, 2023



History of Extrema

+ The evolution of minima in the SMEFT

_V*

ho

hs

Vi hy 9

/r h

m
; h ./
(/]
VO
_v* h * k =4
/r
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+ SM-like, crossover

transition

+ First order phase

transition, bubble
nucleation



History of Extrema

+ The evolution of minima in the HEFT

AV(h\
h ho \/
hy hs + Domain walls
] r h- Y W )
Yr 1 ¢ + Possible crossover
; C ho phase transition,

h*-'\- hy possible bubble
-h- nucleation
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HEFT at Tree Level

+ The tree level Lagrangian for this quotient theory

UZ Tr [D,UD"U'] — V(h) — 3 VY Ug + h.c.)

2
where F(h) = \/SiﬂQB + cos? [ (1 + v_>

+ Around the h = 0 minimum, matter interactions reproduce the SM

» There is an approximate mirror symmetry, more obvious using " ho
h* h'\’
Uh E

10

mw ()= LF(R) ma(h) = SF(h)y/g? + g}

Ya

Rachel Houtz June, 2023



HEFT at Tree Level

mh\/X A

2
o my

¢ The tree level potential:  V(h) = > h? + 5 Y4(1 — €)h® + gﬁh‘l
= ¢ sets the tilt of the minima = v, sets the distance between minima
e=0, > =0.1
— e=-005 0.20_ ‘ —r—r————
A — Y4 = 0.75
— €=-0.025 -
0.15¢ — ¥4 =09
— =0
< — Ya=12
e 0.005 L= 0.10
€= X vy =175
— €=0.05 0.05 =15
e = 0.075 -
0.00f — =125
— e=0.1 o |
_4 _3 2 ~1 0 1 7=
h/vh

Useful to classify cosmological history
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The Finite T Effective Potential of the HEFT

Quiros (1999)
+ The 1-loop corrections to the potential are given by:

2

1 4 m; (h) B § 2 2
AV(R)ew = gy 3 {0 (108 iy — 3 )+ 2mi om0
where field-dependent masses are: Alonso, Jenkins, Manohar (2015)
m?(h) _ m%(O)F(h)Z mi(h) _ V”(h) Alonso, Kanshin, Saa (2017)

m%W,Z}(h) = m%w,Z}(O)F(h)2 m%W,Z}L (h) = (log F)'V' + m%W,Z}(h)

+ In the early universe, the thermal bath alters the Higgs potential

T4 m2(h m2 o© —/m2 /T2 442
AVCh(h,T>:ﬁZniJB/F( %(2)> JB/F(T;>:/O deylog<1Z|Ie \/ 2/T +y)

12 Rachel Houtz June, 2023



Finite T Potential

+ Parameters that affect the finite T potential

2
5 — he —hy _ 1 3(1—¢€)— \/1‘|‘9(€2 — 2¢) X 1 F(h) = \/sin26—|—cos26 (1—|—§)
Up Y4 2 Ya *
= o sets the tilt of high-T potential = [ affects Higgs-matter interactions

ya=1€=0, 5 =0.1 va=1,€=0,0=0,T =v,

“““““““““ e 0.08 — ——
0 [ | : : | ----- V(T =0)
o | [ - 0.06}
| | V(T = 0) | | =001
- | _ 0.04f K
0.2} | 6=-0.5 - : ——— B=0.1
Y = '-“ " 025 I>£ 0.02L .
~ L ] —_— = — B | 4
X 01.\\ III’ 0 : é h ! —— p=03
: \ 1 \ e
- N / §=0. OO0 27N l
\ A Y e AN ! B=0.5
\ ;) ] ~0.02fF \ L’ N /
0.0 PP R ot - §=0.1 SN Sl 5=
S s | 0o ~0.04}
-0.1'---1--5---1--0---(-)-5--66--6-5---1-6---1-5-- o -15 -10 -05 00 05 10 15 ~7777°7 Vem(T)
5-10-05 00 05 10 1. i,

h/Vh

Useful to classify cosmological history
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Regime of Validity

+ Finite T field theory suffers from an IR problem due to high bosonic mode

occupation at high temperatures Linde (1980)
2 : Croon, Gould, Schicho,
9° = 9°np(E,T) = — /‘(; = Grows With T 1o canen, White (2020)
e — 1
» Lose perturbativity in the effective loop expansion parameter Arnold, Espinosa (1992)
€rn = g°T = One can employ resummation, etc, to
MM (@) ameliorate but not fully solve this issue

+ We define an IR band, within which we do not claim to track the critical point evolution

14

$\* _ 1 29 i 2 5 Vi
- - —t e
(T ~ v2 | \ Cmcos 3 o BTQ
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Critical Point evolution

e =0.045, 5 = -0.08, B> = 0.1 €=0.045, 6 =-0.08, g* = 0.1

100 100
0 Of
~100F Minimum -100}
= i Maximum | <
-300} N a -300¢
~400¢ ~400f
~500F 7o sk
3 L ’

~600° 0005 0ot0 0050 600
' - - 0 100 200 300 400 500 600
/T T

» The gray region is the IR band. If the critical points emerge in that region, we cannot

say whether there was a FOPT or a crossover

= The pink region is where the high-T expansion for the J functions is no longer valid

15

Rachel Houtz June, 2023



Cosmological Histories, € > ()

N(wd i
0 <0 - 0>0':
h=0 " "
h=0
I I |
Crossover PT HEFT first order PT Crossover PT SMEFT-like FOPT

Bubble Nucleation Bubble Nucleation
possible possible

16 Rachel Houtz June, 2023



Cosmological Histories, € < ()

(W
0 <0 -

Never biased towards h=0 minima

Unphysical

17 Rachel Houtz

N(w
0>0:
W
h=0
Unphysical Bubble nucleation
Doomsday
Scenario?
June, 2023



Domain Walls

« If V' (h) is nearly symmetric under ¢ — —¢ , domain walls form

Gelmini, Glesier, Kolb (1988)

e = 0.0001, 6 = -0.0001,5 = 0.316228
0

~200}

—400}
600}

-800}

~-10001¢
0

Image lifted from Hiramatsu, Kawasaki,
T Saikawa, Sekiguchi, arXiv:1207.3166

» These walls evaporate if there is a bias inthe 7" = (0 potential ( ¢ 7£ 0 ), leaving

18

behind GW signals
Gelmini, Pascoli, Vitagliano, Zhou (2020)
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Sketch of HEFT Cosmology
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Bubble Nucleation in the Early Universe

O;»OC@»

e=0.04, 5§ =-0.12, B =0.1

Weir, “The sound of gravitational waves from a
[confinement] phase transition,” saoghal.net/slides/ectstar/

0.08
0.06} — 7-400Gev  * Find the bounce solution to
0.041 describe the tunneling from the
T — T =300 GeV
s | false vacuum
=~ 0.02}
X | — T =200 GeV
= 0.00}
o002l r=100Gev  + Calculate the frequency and power
004 0 spectrum of the stochastic GW

background

20 Rachel Houtz June, 2023


http://saoghal.net/slides/ectstar/
http://saoghal.net/slides/ectstar/

Phase Transition in the Early Universe

O

Weir, “The sound of gravitational waves from a
[confinement] phase transition,” saoghal.net/slides/ectstar/

= Dynamics from tunneling to the T' = 0 vacuum give:

+ Interested in the power spectrum « = Latent heat, AL
Prad
% = Parameterizes speed of the

5 -
Qaw (Oz,ﬁ , fGW|peak(TN,§) phase transition

Tn = Nucleation temperature

21 Rachel Houtz June, 2023


http://saoghal.net/slides/ectstar/
http://saoghal.net/slides/ectstar/
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0 sets the tilt of high-T =02

potential

\ (W)

h=0

Bubble Nucleation

Y4 = 1.4

—-0.04

—0.06

w —-0.08

-0.10

-0.12

—-0.14

0.0250 0.0275 0.0300 0.0325 0.0350 0.0375 0.0400 0.0425 0.0450
&

€ sets the tilt of the minima

Rachel Houtz June, 2023
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Bubble Nucleation

Y4 = 1.6

- 0.035

0 sets the tilt of high-T ~0.02
potential

- 0.030
—-0.04

0.025
—0.06

\ (W)

0.020
> -0.08

0.015
—0.10

0.010
-0.12

0.005

\\80 -0.14

0.0250 0.0275 0.0300 0.0325 0.0350 0.0375 0.0400 0.0425 0.0450
3

0.000

€ sets the tilt of the minima
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Qi?

1077

10~11

10-15

10-19

10723

i Preliminary |

Gravitational Waves

— 2 _
ya=1.6, g7 =0.1 — €€ (0.0258333, 0.02775)

— € € (0.02775, 0.0296667)
—— €€ (0.0296667, 0.0315833)
— € €(0.0315833, 0.0335)
— € €(0.0335, 0.0354167)
— € €(0.0354167, 0.0373333)
— € €(0.0373333, 0.03925)
— €€ (0.03925, 0.0411667)
— €€(0.0411667, 0.0430833)

— € €(0.0430833, 0.045)

107 10~° 0.001 0.100 10 1000 )
-------- (Qr?)
f[Hz] max

Hindmarsh, Huber, Rummukainen, Weir (2017)

Espinosa, Konstandin, No, Servant (2010)
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Gravitational Waves

T

{ Preliminary |

ys=1.6, f#=0.1

1077 ‘ | 1 — 6e(-0.15, —0.135741)
— 6 (~0.135741, —0.121481)
10711 s, - 5 € (=0.121481, -0.107222)
. ET 1
\\ ) | — 6€(-0.107222, —0.092963)
/ BB |
o 0OF N 1 — 6€(=0.092963, —0.0787037)
5 , ) N |
— 6 € (-0.0787037, —0.0644444)
1019 1 — &€ (-0.0644444, —0.0501852)
— 6 €(-0.0501852, —0.0359259)
1023} 1 — € (=0.0359259, —0.0216667)
| ! AR AT AR S A ESSS—————————————_—— SR N 2
1077 107° (Qh )max

Hindmarsh, Huber, Rummukainen, Weir (2017)

Espinosa, Konstandin, No, Servant (2010)
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Conclusion

+ Reviewed the unique cosmology of a
class of HEFT/SMEFT quotient theories

+ Classified phenomenologically
iInteresting cosmological histories

+ Domain wall network decay
+ New FOPTs and bubble nucleation

+ Doomsday scenario
+ Promising prospects for GW detection

+ Cosmology is a window to provide
evidence for quotient theories

26 Rachel Houtz
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HEFT

Nothing i; ; }

W

" Unphysical”
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Thank you!



