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Mass [GeV] Motivation
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Motivation

Additional (hierarchical)

symmetry breakings

Flavour hierarchies =l
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Motivation

Additional (hierarchical)

symmetry breakings

Flavour hierarchies =l

New flavoured gauge symmetries:

[Additional scalar vev(s)]
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Motivation

® Stochastic gravitational wave background from 1st order
phase transitions [Peak frequency proportional to vev]

® Plethora of ground- and space-based GW observatories in
2030s [Experiments can probe far above the TeV scale]

¢ Hierarchical range of optimised frequencies: f,; ~ L™*

® [nterestingly: Iy Mmoo fm g
1 : 0—2 . 0—4

1
fLISA : : fET
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Model Example
e Expand Standard Model to PS=SU(4)xSU(2)xSU(2)

l
Quark-Lepton i Q 7\ Quarks
Unification L 7
L

Leptons
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Model Example
e Expand Standard Model to PS=SU(4)xSU(2)xSU(2)

l
Quark-Lepton i Q 7\ Quarks
Unification L 7
L

Leptons

® Consider generation dependent higher-dimensional model

7

S

5d PS




Gravitational Imprints of Flavour Hierarchies — Toby Opferkuch, CERN

Model Example

® 4d Picture — “Pati-Salam Cubed”

Fermions:
‘P’L =4,2,1),

Vi, = (4,1,2),
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Model Example

® 4d Picture — “Pati-Salam Cubed”

Fermions: Scalars: B
P = (4,2,1), H; = (1,2, 2);

Vi, = (4,1,2),
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Model Example

® 4d Picture — “Pati-Salam Cubed”

Fermions: Scalars: B
P = (4,2,1), H; = (1,2, 2);
Wi = (4,1,2), 2, =4,1,2),

CDZ.L]. = (1,2,1);x(1,2,1),
OF = (1,1,2);x (1,1,2),
Q, = (4.2,1),x @.2.1)
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Model Example

® 4d Picture — “Pati-Salam Cubed”

Fermions: Scalars: B
P = (4,2,1), H; = (1,2, 2);
Wi = (4,1,2), 2, =4,1,2),
: : dL=(1.2.1).%x(1.2.1).
Extra-dimensional j =2 Dix (1,2, 1);

of = (1,1,2);,x (1,1,2),

picture implies -
Q, = (4,2.1),x 3.2.1),

suppressed quartics



Gravitational Imprints of Flavour Hierarchies — Toby Opferkuch, CERN

Model Example

® Relevant phase transitions:

PS§; X PS, X PS;

* ................................... 0 Ap~ 104 TeV
SM; X PS, X PS;
.................................... *n Ay ~ 10° TeV
SM,, X PS;
.................................... ¢n Agyp ~ 10?2 TeV

SUM4); X SU3), X SU2) X U(1)

.................................... *n AIV ~ |1 TeV
SM
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Model Example

® Relevant phase transitions:

uUuv
PS| X P§, X PS5
SuU(4) - SU(3) —— T o Ay~ 10* TeV
SM; X PS, X PS;
.................................... $., Ay ~ 10° TeV
/ SM,, X PS,
.................................... ¢n Ay ~ 10% TeV

SU(4) x SU(3)— SU(3)

N\

SUM4); X SU3), X SU2) X U(1)

.................................... *n AIV ~ |1 TeV
SM
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Cosmological Phase Transitions

Phase transition dynamics
controlled by effective potential:

Vveff(ga Aavﬁv ¢7 T) — VO + VCW + VT#O

[fundamental parameters]

[temperature]
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Cosmological Phase Transitions

Phase transition dynamics
controlled by effective potential:

‘/eff(ga ?‘7@7 ¢7 T) — VO + VCW + VT#O

[fundamental parameters]

[temperature]
Cross-over ]st-order
Veff | Veﬂ:
ﬁ s ’ A
£
ko
E

Figure from E. Madge

> ¢
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Cosmological Phase Transitions

® Nucleation temperature: :l/(&/

F(Tn) ™~ H4(Tn)

e Contributions to the
GW spectrum:

Figure from E. Madge

(14 : Collision of bubble walls See for example:
[Huber, Konstandin 0806.1828]

. [Hindmarsh, Huber, Rummukainen, Weir 1504.03291]
QSW . Sound wdaves In pldsmCI [Hindmarsh, Huber, Rummukainen, Weir 1704.05871]
[Cutting, Hindmarsh, Weir 1802.05712]

) . [Pol et. al. 1903.08585]
Qturb . TurbUIence In qusmq [Cutting, Hindmar:h,eW:ir 1906.00480]


http://arxiv.org/abs/arXiv:1906.00480
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Example Transition

e SU(4) — SU(3) transition [relevant for Aq]

® SM QCD coupling
requires g ~ 1

Detectability £
over natural *
range of -
expected

parameters

Einstein Telescope

0.9

Quartic coupling A
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“Triglav Signature”
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“Triglav Signature”

Aty A Ap
10t 103

Frequency [Hz]
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“Triglav Signature”
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“Triglav Signature”

Arv ~ 1TeV B-anomalies motived

S

N
v

<.~ Fixes other peaks

101 10* 103
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“Triglav Signature”
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“Triglav Signature”

Easily shifted to
higer frequencies

10° 10°
Frequency [Hz]
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Conclusions

® Rich stochastic GW background from phase transitions
[Sensitive to phase transitions far beyond collider reach]

® Multi-peaked spectrum arising from the flavour
hierarchy [Mass hierarchy encoded in relative peak
frequencies]

® These peaks may lie above planned future experiments
[Clear appeal for high frequency GW detectors!]
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B-Anomalies Status

b — cZU transitions:

Br(B — D™ ry,)
R(D™) = T
D) = BB = DOty

BaBar (2012), had. tag || :
0.332+0.024%0.018 ; : =

Belle (2015), had. tag : :
0.293 +£0.038 +£0.015 : ¢

Belle (2017), (had. tau) |
0.270 +0.035 +0.027 .

Belle (2019), sl.tag : :
0.283+0.018 +0.014 R

LHCb (2015), (muonic tat) :
0.336 £0.027 £0.030 ] i

LHCb (2018), (had. tau) '
0.280+0.018+0.029 Tt

Average ; .
0.295+0.011 +£0.008 : —

SM pred. average :
0.258 +0.005 el

PRD 95 (2017) 115008
0.257 +0.003 o

JHEP 1711 (2017) 061
0.260 + 0.008 ——

JHEP 1712 (2017) 060
0.257 +0.005 -

Y

| | | | | gl ] E| ] | | |

0.2 0.3 0.4
R(D*)

3.10 discrepancy

b — sZ¢ transitions:

RKMY = Br(B — KWutyp~)
( ) = Br(B — K*)ete™)

« 207

- LHCb

1.5_— L

1.0__. .........................................................................
L T
B = BaBar

05__ a Belle
E e LHCbRun1+2015+2016

0.0....l....l....l....l...
0 5 10 15 20

g’ [GeV?/ 4]

2.50 discrepancy
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Model Example
® 4Ad Picture — “Pati-Salam Cubed”

L/R /
D) D3

I U o ! (el P (s P H,
) £2)3

1 —(2) (3) (S23)  Ary

Loz = Aty [ 3623113 + h.c. =—>p \ ¢ \ Aoy Ao
1 - L 9

L12 = \Il(k)q) 3 H3®P5 \Il(l) +h.c. = Y, ~ <(I)23>§(I) ) AI2II
AII AH AII
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Gauge coupling g3

Strong coupling running

1.4

A1y A1g A1

(94,3 = 2) (94,2 =1V2)
1.3 -

g3,3
1.2 -
1.1 - 93,2
1.0 -

g3,1
0.9 -
109 101 107 103 10*

Renormalization scale pg [TeV]




