Correlating new physics searches at colliders
with a possible gravitational-wave detection
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EW phase transitions - why New Physics?
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1st order
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2nd order

Strong cosmological phase transitions (PTs) —

by expanding and colliding vacuum bubbles of new phase

Stochastic Gravitational Wave (GW) background
as a gravitational probe for New Physics

Why strong FOPTs?
Sakharov’67

(i) B violation
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(i) C and CP violation

(i) Departure from thermal equilibrium — strong 1*-order PT

Nucleation of expanding broken-phase vacuum bubbles — sphaleron suppression )

O(T.)

> 1.1
T,

— 1%t order PT

Standard Model (SM) does not explain the BA — the need to go beyond the SM )




GW/Collider probes for New Physics:

Example I: Triplet-extended SM



How/Where New Physics may show up

Surprising CDF Il measurement of W mass
lies >70 away from the Standard Model

|
—— Total uncertainty

Stat. uncertainty

FPhys Rept 332 (2013) 119 e . « Many scenarios beyond the SM have been
TRD 90 (2004 082008 " deployed in the literature to explain this
D 108 2012) 151504 N . . measurement (over 300 publications so far!)

CDF II
Science 376 (2022) 170
ATLAS

EPJC 78 (2018) 110 il

(ATLAS-CONF-2023-004 (reanalysis) ) —— e A Iarge class of BSM scenarios offering
HEPOI 20220036 ] such an explanation features the existence
AL ot - of a new SU(2) adjoint (triplet) scalar which

it (J. de { . _ .
Ly dnys ) - provides a tree-level corrections to the

| | , . SM W mass value
80100 80200 80300 80400 80500
my, [MeV
credit to Maarten Boonekamp « Existence of such scalars may impact

the Electro Weak phase transition in early
Universe, possibly rendering such models
testable in future gravitational-wave detectors



EMEFT approach

L. Di Luzio, R. Grober and P. Paradisi,
"Higgs physics confronts the mw anomaly” Phys.Lett.B 832 (2022) 137250

SMEFT Lagrangian (Warsaw): Leading EW oblique corrections:
A CW _ Cw 2
LsymerT = Lgv + Z ¢;O; S = QH (0w, B = sy U CHWE
’ 2
T = o (M, (0) ~ Ty (0)) = — 2 c
— .2 WaW. o Ty — 5 CHD>
Universal “bosonic” operators: M, o wew 2

Oywrs = (H'T"H YW, B" EFT d=6 operator generates
; ; W mass shift
Opp = (H' D, H)(D,H) H),

A. Strumia, JHEP 08 (2022) 248

W mass anomaly <) Anomaly in T-parameter
(assuming U=0)

A

T~ (0.84 4 0.14) x 1073 §~107°  CuwB ~ (0.07/TeV)’

cyp = —(0.17 £ 0.07/TeV)2 compatible with zero



A minimal scalar SU(2) triplet extension

Interaction Lagrangian with Higgs: Integrating out heavy triplet:
: A /{2
Elﬁt > —KAHTACLJCLH — %A(HTH)AO’AQ —, — CHD = — M—AZL
A
negative effective
A= (1’ 3, O) coupling!

the same effectin T can be recast in
terms of the adjoint VEV

(A) = vp = kpv /(2MR)

(A), AA) L. Di Luzio, R. Grober and P. Paradisi,
N\ ./ Phys.Lett.B 832 (2022) 137250

LAAVAVAVAN VAVAVAVAIRL

Saturating the perturbativity bound |ka|/Ma < 47 the mass scale cannot exceed 100 TeV



Effective d=6 Higgs self-interaction

Integrating out heavy new scalar triplet state yields both:
a positive contribution to the T-parameter and a modification of the Higgs potential

Higgs quartic couplings receives

) due to an adjoint VEV, we have
a tree-level correction

A = Ao + (ka /ma)? AT ATAATA] ”SA A® pa ~ Aava
N = m? /20 -

effective operator below the cutoff scale:

K
d=6 Higgs self-interaction term: CH = 2 ~ VA

2
Other contributions to this operator kA N = cn Vo= A4\ — AHA
come from quartics: Mjx 2
T (A
uan — 0 CH:—42<ZA—)\>N’UQA%O
(V)

d=6 contribution to the Higgs potential is important for
the nature and the strength of the EW phase transition



Finite-T effective potential & EW FOPTs

Vig(T, h) = Vireo(h) + VA (B) + AV (h, T
In unitary gauge, one-loop (T, 1) tree () + Vp_o(h) + AVr(h, T)

effective Higgs potential: 1 \ <
Vireo(h) = =m?h* + =h* 4 h°
ree() = 5 1 82
_ _ CT?/2
The dominant thermal correction , ,
to the Higgs mass: L 5 5 mi, KU
C ~ 1—6(9 + 3¢ +4y? +47 L - 36F)
modification m? = méy (1 — A3 /2A%) Av = V3AL = 3kv? /m?
of EW parameters A= dsm(1l — A% /A?) A < A< Ay cutoff scale
mﬁ = 2)\?)2—|—3v4/<;/A2 my = 125GeV
Limit on the d=6 operator imposed by
the strongly 1st order EW phase 1
transition requirement yields: 480 GeV 5 \/@ S 840 GeV

F. Huang et al, Phys. Rev. D94 (2016) 041702
[arXiv:1601.01640 [hep-ph]] v(Te) /T, > 1



Gravitational-wave power spectrum

@ GW energy density per logarithmic frequency

2
PQaw = 4 90 ~ B2 Q) h* Qb

a, pIH, T. —> ceflculated from.a given BSM theory, used as
inputs to obtain the GW power spectrum

7 7
2 12 Dbeak 4\ 2 f ’ 3 f 2
Ww = W Gw (?) (fpeaJ [1+1(fpeak)]

3
100\%3 / T.\? K2 9 HR
2 eak . —17 p—2 = _
h QI()}W (fpeak) = 7.835 x 10 fpeak ( e > (m) - for HTSh ﬁKl/Q <1
100\ %3 / T, \? K2 9 HR
2 eak . —17 p—2 i _ ~
h QI()}W (fpeak) = 7.835 x 10 fpeak ( 7 > (ﬁ) Cg for HTsh = ﬁKlﬂ =~ 1,

ko
14«

1
. —6 1 T g« 6 . E 1
foeak = 26 x 10 (—HR) (100) (100 GeV) Hz HR= 5 (87)3 max (vp,cs) K

We use the templates for SW peak in [Caprini et al. JCAP 03 (2020) 024]



Primordial GWs in a minimal triplet model

peak-amplitude vs energy scale
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T.(GeV)| o | B/H. |k~ 2N (GeV)|d,, (%)
43.8 10.30| 36.37 498.12 1.8
55.6 |0.12]180.94 502.40 2.1
64.2 10.07|394.14 508.38 2.2

OhZ

« Consistent with LHC bounds
« Can be probed in future measurements
of trilinear Higgs coupling:

Ah3
Asp = —(1 + 5h>T

6] ~ 25%

A = 3ms /v

50'hZ = 50'hZ/0'hZ ~ 1.6% 8, at /s = 240 GeV
~ 0.4%
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GW/Collider probes for New Physics:

Example ll: Dynamical EWSB



Dynamical EWSB

Many attractive features....

v EWSB is triggered by a new strongly-coupled dynamics
(more than one confinement scale in Nature?)

v No fundamental scalars
(composite Higgs?)

v No hierarchy problem, no fine-tuning
(best alternative to SUSY?)

v A plenty of new hadron-like objects, difficult to find/treat though
(composite Dark Matter? LHC phenomenology?)

Evolutions of DEWSB ideas/realizations....
Technicolor
Extended TC
Walking TC
Bosonic TC
Composite Higgs...
77?7

Hill & Simmons, Phys. Rept. 381, 235 (2003)

Sannino, Acta Phys. Polon. B40, 3533 (2009), etc
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Toy-model of DEWSB: SU(2).xSU(2)r LoM

Techniquark weak-SU(2) doublet: Q = <q>

the source term

—grcQ(S + i P*)Q — —gTC (<QQ>S +Q(S + W5Pa7a)@)

8- @

QQ — <QQ> + QQ scalar T-sigma pseudoscalar T-pions

QGC formation (singlet rep.) (adjoint rep.)

T-pion mass

S=u+o
1 . lightest collective excitation
global chiral SSB T-gluebali of T-quark condensate

mo < my = _g1c{QQ) SU2)L, ® SU(2)r — SU(2)v=r+r psa <K msx

Potential

(M) = —

e

DO | — &

1
HE(S® + P?) + i — Phac(S” + P?) = !

1 (0 3 A 1/3_1/3 - ) 1/2 A 1/3_1/3
2\ U = 5 91c U= E 5 91c

* Both chiral and EW SSB are dynamically linked to T-quark condensate
* T-pion gets mass via T-sigma interaction with T-quark condensate

Spontaneous

EWSB

* T-pions remain physical, the Higgs-like mechanism becomes effective

13



Higgs signal rates
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Search for T-pions

'Il-pion brénching ratios
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Thermal masses and renormalisation conditions

Thermal corrections
pe(T) = po + coT”
In analogy to QCD:
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Example of a one-parametric

1079

GWs from dynamical EWSB

Scan parameters
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Limits on physical parameters:

mz 2 140GeV, mg 2 500GeV, mga 2 300GeV

GW spectra for benchmark points
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Summary

Primordial gravitational waves represent a complimentary
source of information to the collider measurements

Combining collider constraints, future measurements (such
as the triple Higgs coupling) with a possible observation of
primordial GWs provides new opportunities for probing
“simple” BSM scenarios such as scalar extensions and
Technicolor



