’h’
ROGETTI DI RICERCA DI
ILEVANTE NTERESSE

INFN

- BOLOGNA

Prog. PRINS 2022EZ3S3F
Large Universal Electroweak Corrections:
automated, fast and precise
CUP 153C24002340006

Bridging electroweak baryogenesis
with LHC signatures: the aligned 2HDM

L. Biermann, T. Biekotter, G. Coloretti, A. Crivellin
(work in progress.... in September on the arXiv!)

Guglielmo Coloretti Workshop on Multi-Higgs Models
INFN — Bologna Lisbon — 28.08.2026



Outline

* Motivation

* Aligned 2HDM in the Higgs basis

* CP-violation without eEDM

* CP-violating collider signatures

* Phase transition and electroweak baryogenesis

e Case study: smoking gun and di-higgs
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Motivation

* General idea: finding a collider observable serving as the signal for
electroweak baryogenesis

* In the 2HDM, a possible CP-violating signature is scalar
to scalars decays (not-so-well constrained at the LHC)

Growing bubble

e Can we correlate the CP-violation measured at

colliders to electroweak baryogenesis? |
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2HDM: scalar potential

[S. Davidson, H. E. Haber]

Arbitrary choice of basis
— without Yukawa sector

(®Y) = ves/V2 ) (Hi) =
0\ __ 1€ _
<(I)2> — Uspe /\/§ Unitary rotation in - <H2> =0
Spontaneous Higgs flavor space

CP-violation

Change of complex phases
under a rotation of e * %= H,

Ver =[VsHIH1 + {25(711%2)2

+[ZeH{Hy + ZHH | HIH + e |
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https://inspirehep.net/literature/679963

A2HDM: Yukawa structure

[P. Tuzon, A. Pich]

—Ly =YpQ;(H1+ apHs)dr+ * No discrete symmetries

- * Yukawa terms are aligned
YoLr(Hy+arHa)lr in flavor space

YuQr (7:[1 + CLE/)E[Q)UR + H.c. * No tree level FCNC
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https://inspirehep.net/literature/841681

A2HDM: Yukawa structure

—Lyv ZYD@L(Hl -+ aDHQ)dR""
YLZL(Hl + CLLHQ)ZR
YU@L (7:[1 + CLE?QQ)UR + H.c.

Many complex phases: we organize
them as to isolate the CP-violation

e Scalar potential
{Y37Z57ZG7Z7} ~ 98

 Yukawa structure
{av,ap,ar} =~ 0

* No discrete symmetries

* Yukawa terms are aligned
In flavor space

* No tree level FCNC

Physical CP-violating phase
98 — HF

Is it all related to mixing
of the neutral scalars?
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https://inspirehep.net/literature/841681

CP-violation: EDMs

[T. Biekotter, M. O. Olea-Romacho]

Benchmark point:

C2HDM I a1 — =0, mp, = M =420 GeV, mp, = myx = 660 GeV
T T y T T T T rt

1 PR =
ULkacuvn) — U.U4

24  eEDM sets stringent bounds on the

0.25 ¢ amount of CP-violation

0.20 |

e In the C2HDM the region with

2 enough BAU is in tension with
16 . eEDM measurements

0.10

1.2 * Even a tiny mixing generates too
large eEDM

tan (3
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https://inspirehep.net/literature/2921541

CP-violation: EDMs e s sas!

[S. Kanemura et al.]

* For the same benchmark point, close to the alignment limit (and ar real):

de = [(—2.7x107*) ap + (7.5 x 107%7) ar, + (7.3 x 107°7) ay] 63

+0(62) .
Top-Yukawa CP-violation

[both necessary for
electroweak baryogenesis]
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https://inspirehep.net/literature/1814812
https://inspirehep.net/literature/2842123
./JHEP%2007%20(2025)%20236

CP-violation: EDMs e s sas!

[S. Kanemura et al.]

* For the same benchmark point, close to the alignment limit (and ar real):

de = [(—2.7x107*) ap + (7.5 x 107%7) ar, + (7.3 x 107°7) ay] 63

+ (=3.0 x107%) a, SZ; + O(6;)) / v
Top-Yukawa CP-violation

[both necessary for
electroweak baryogenesis]
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https://inspirehep.net/literature/1814812
https://inspirehep.net/literature/2842123
./JHEP%2007%20(2025)%20236

CP-violation: EDMs

* For the same benchmark point, close to the alignment limit (and ar real):

de = [(—2.7x107*) ap + (7.5 x 107%7) ar, + (7.3 x 107°7) ay] 63

/
+ (—3.0 X 10_29) ar, SZ7 + 0(97;2]-) / v
| | Top-Yukawa CP-violation
¢ Notinmass matrix! 1poth necessary for
A RZg —SZg electroweak baryogenesis]
M2 =02 RZs L[Zs+RZ5) —3SZs
—SZs —23Zs | Zse — RZ5)|
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https://inspirehep.net/literature/1814812
https://inspirehep.net/literature/2842123
./JHEP%2007%20(2025)%20236

CP-violation: EDMs

* For the same benchmark point, close to the alignment limit (and ar real):

de ~ [(=2.7x107%) ap + (7.5 x 107%") ar + (7.3 x 107°7) ay] 613

/
+ (=3.0 x107%) a, IZ; + O(6;)) / v
| | Top-Yukawa CP-violation
v Not In mass matrix! [both necessary for
A RZg — 76 electroweak baryogenesis]
M2 =02 RZs L[Zs+RZ5) —3SZs
—SZs —23Zs | Zse — RZs5)|

« Sizable Top-Yukawa and CP-violation mediated by Z; with suppressed eEDM!

« Seclude CP-violation to a sector not sensitive to eEDM
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https://inspirehep.net/literature/1814812
https://inspirehep.net/literature/2842123
./JHEP%2007%20(2025)%20236

Collider signatures

ma = 490 GeV ,myg = my+ = 180 GeV

lay| = 0.5

0.8
0.6
0.4-

0.2~ Br[A — H*H| ~ Br[A — HH]

0 0.5 1 1.5

Z7

e Close to the alignment limit, the
scalar coupling Z7 induces the

AH* H¥ and the AHH coupling

olpp — A) =
klag|* o(pp — h5M)

Vasusas /Ao =

1 9 1 5 5
iﬁzﬂ 167 mi \/mA B 4mHi/H

[GC, H. E. Haber, A. Crivellin]
and see Howie's talk!
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https://inspirehep.net/literature/3096417

EW Phase Transition

* We employ the one-loop daisy-resummed (Arnold-Espinosa) effective
potential as implemented in BSMPTv3

* At finite temperature, we parametrize the VEVs of the Higgs doublets

(H1(T)) = ( ) ) , (H2(T)) = ( won (1) )
w1 (T) wo(T) + 1 wep(T)

« Strength of the phase transition at the nucleation temperature 1,

\/wl (T0)? + w2(Tn)? + wep (Th)?
1

&n =
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https://inspirehep.net/literature/2782263
https://inspirehep.net/literature/2929751
https://inspirehep.net/literature/1987866
https://inspirehep.net/literature/2907604

EW Phase Transition

ma = 490 GeV ,my = my: = 180 GeV

3
2.5- |lov| =03 _SZ;=0
gz, =05 * & ismostly afunction of
Ry the mass spectrum

347 =1.5]  « The complex phase wcp is
‘linearly’ dependent on 52~

Wep

« /- transfers the amount
of CP-violation at finite 1’

| | | | |
0 50 100 150 200 250 300

T [GeV]
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EW Baryogenesis

Y, . _
me(z) = 7’%491 w1 + al (w2 +iwep)] =
 The complex phase is a Y, _
function of the Top-Yukawa = — (w1 + |ay ||wa + iwcp\ez(ereu))
and Z; (through wcp) V2
9 — tan-! [ la¥ ||we + i wep|sin(fe — 6,,) ]
! w1 + |a*||lwa + i wep| cos(fs — 6,,)

e Large uncertainties! Considered a 9 < <9
region to provide reliable estimates nObS/ > 71 = 2lobs
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https://inspirehep.net/literature/919201

Smoking gun (A— ZH )

1.5
_Preliminary
mpy ‘ ma ‘ M+ ‘ 0
420 | 660 | 660 | 0.001
1—
- 5
< |
[ =
&
0.5—
S R S

|2
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Smoking gun (A — ZH)

15
_Preliminary
my ‘ ma ‘ M+ ‘ 0
420 | 660 | 660 | 0.001
1 « & Z- drives the amount of BAU
= 3 up to n ~ O(10)
il ff * For any value of the Top-Yukawa
= E we need S 27~ O(1)
0.5—
(S Ty

|2
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Smoking gun (A — ZH)

_Preliminary M ‘ ma ‘ m g ‘ eij

420 | 660 | 660 | 0.001

INdH?
IN{H?

GOY) =Tp

& /- drives the amount of BAU
up to n ~ (O(10)

For any value of the Top-Yukawa
we need 27~ O(1)

AjLrejiu)) 1o

eEDM is independent of Top-Yukawa
(bounds evaded for small Lepton-Yukawa)

| Z7]
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Smoking gun (A — ZH)

_Preliminary M ‘ ma ‘ m g+ ‘ @ij

420 | 660 | 660 | 0.001

-
et
| S |
—
-
=
—

Flavor

F— = — = — — — — +

& /- drives the amount of BAU
up to n ~ (O(10)

* For any value of the Top-Yukawa
we need 27~ O(1)

ay| = lap|

Ayrejiu)) “4a9d

 eEDM is independent of Top-Yukawa
(bounds evaded for small Lepton-Yukawa)

e LHC / Flavor / nEDM bounds allow most of
the parameter space

0 1 I 1 | T 1 | 1 lA:| | 1 1 1
0 1 2 3 4

| Z7]
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Di-Higgs

-Preliminary
T mpy | ma | mpr+ | 0, ‘ lar|
180 | 490 | 180 | 0.001 | 0.01
15 « &4 drives the amount of BAU
= _ up to 7 ~ O(10)
- 5=
L:la 1= 2 he \nmm]/!?;l\g * Lepton-Yukawa chosen to avoid eEDM limits
0.5 BAU
% 05 | 1.5

|ZA]
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Di-Higgs

;Preliminary
T mgy | mA | M+ | 0, ‘ lar|
180 | 490 | 180 | 0.001 | 0.01

15~ &Z7 drives the amount of BAU

up to n ~ (O(10)

2 =
iSH =
L:la Lok o * Lepton-Yukawa chosen to avoid eEDM limits
SO N N =
e = e LHC limits (H*—tb) and nEDM prospects
0 5i117]_':5¢\71 77777777777777777 . .
R ELLL I CEREEEPER R L e * Interplay with flavor bounds [V Jung, A Pich, P Tuzon)
[C. Degrassi, P. Slavich]
[A. Crivellin et al.]
O— | L |
0 0.5 1 1.5

|ZA]
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https://inspirehep.net/literature/857318
https://arxiv.org/pdf/1002.1071
https://inspirehep.net/literature/1726490

Di-Higgs

;Preliminary
T mgy | mA | M+ | 0, ‘ lar|
180 | 490 | 180 | 0.001 | 0.01

15~ &Z7 drives the amount of BAU

up to n ~ (O(10)

2 =
iSH =
'—L (b2 o e Lepton-Yukawa chosen to avoid eEDM limits
SO N N =
e = e LHC limits (H*—tb) and nEDM prospects
0 5i ];]_‘:I).\] 77777777777777777 . .
: * Interplay with flavor bounds [V Jung, A. Pich, P Tuzon]
[C. Degrassi, P. Slavich]
[A. Crivellin et al.]
O— | L |
0 0.5 1 1.5

|ZA]
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https://arxiv.org/pdf/1002.1071
https://inspirehep.net/literature/1726490

Di-Higgs

;Preliminary
T mgy | mA | M+ | 0, ‘ lar|
180 | 490 | 180 | 0.001 | 0.01

15~ &Z7 drives the amount of BAU

up to n ~ (O(10)

2 =
iSH =
L:la Lok o * Lepton-Yukawa chosen to avoid eEDM limits
SO N N =
e = e LHC limits (H*—tb) and nEDM prospects
0 5i117]_':5¢\71 77777777777777777 . .
R ELLL I CEREEEPER R L e * Interplay with flavor bounds [V Jung, A Pich, P Tuzon)
[C. Degrassi, P. Slavich]
[A. Crivellin et al.]
O— | L |
0 0.5 1 1.5

|ZA]
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https://inspirehep.net/literature/857318
https://arxiv.org/pdf/1002.1071
https://inspirehep.net/literature/1726490

-Preliminary

o 0.25 0.5 0.75
1.5
< «
Il @)
—b 1_ 2 Ty i;
S =
* LHC =
- Flavor
0.5 nEDM
O | | | 1 |
0 U5 1 1.5

2]

|mA | mpg+ | 0 ‘ lar|
180 | 490 | 180 | 0.001 | 0.01

& /- drives the amount of BAU
up to n ~ (O(10)

Lepton-Yukawa chosen to avoid eEDM limits

LHC limits (H* —tb) and nEDM prospects

Interplay with flavor bounds

& /- drives a visible cross-section at the LHC!
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https://inspirehep.net/literature/857318
https://arxiv.org/pdf/1002.1071
https://inspirehep.net/literature/1726490
https://inspirehep.net/literature/2726938

Di-Higgs: LHC and cosmology

15

_ Preliminary
BAU mH | ma | mp+ | 0i | lar|
a2 06 180 | 490 | 180 | 0.001 | 0.01
10- . N
- /7 as a driver of CP-violation
:é ag = 0.5
—
=
5 CLU-_U.4
i
Correlation between a
measurable L HC signature and a
cosmological observable (BAU)!

0 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I L 1 1 1 | 1 L1 1 | 1 1 1 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7

0
o(pp—~A—HH)~0(pp—~A— HH) [ph)
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Conclusions

eEDM can be suppressed in the alignment limit and with a small Lepton-Yukawa

In the aligned 2HDM: CP-violation and Top-Yukawa can survive without mixing and a
Lepton-Yukawa — indepentent of eEDM!

& L7 drives scalar signatures visible at the LHC (if phase space allows for it) and the
CP-violating VEV at finite temperature inducing the BAU

Nice correlations between collider observables and cosmology!

THANK YOU FOR THE
ATTENTION!
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Back-up

mpy = 420 GeV ,m4 = mpy+ = 660 GeV

ma = 490 GeV ,mpy = my+ = 180 GeV

1.5
_ Yy r
' / \ \ : P e
08 e — r @
1~ — e — 15—/
- ;“i 1}
_Q B _Q r \‘I /.‘/f e e
= L 8 r | / \ -
I | F o W -
L ! 6o W — N\
= 8 [ /
i T [ ‘
0.5~ Iwl, =2 | " / .“|
i o .“"‘ / |
I 0.5- | /| LwT, > 2 |
| / ,/"J /f ‘
- <
% / |
1 1 1 | [ | 1 1 I 1 1 1 I 1 O 7/177-/ 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1l
O0 1 2 3 0 0.5 1 1.5
|ZA |ZA]
Lisbon - 2026
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Back-up

* The structure of the interactions roughly organize the contributions in separate
pieces (notice that 03 is not physical in the Higgs basis)

¥ Mt—loop X au913
o°" %o, t/ W=/ H Mb—loop X ad(913
/e, o° MW—loop x arb13
hk // %0009 Y
,/ o
- - - Mp+_100p X aL547
f
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Back-up

* Analytical approximation to compute the BAU Phase of the top
guark mass

throughout the

and see Maqgie’s talk! nucleation bubble

n sin(6;)
—— ~ 6 x 10° n .
10—11 LWT Strength
parameter
) v
» Sub-sonic wall velocities (v, < 0.2 -
(Vo = ) Vx3|(|3|\évé(z;[2nat Nucleation
* VEVs profiles with a constant temperature

slope in the tunneling paths
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Back-up

200 :
3Z;=-0.5, Ray =-0.5,n = 22 3Z;=-05Ray=-05,n=22
37;=-1.0, Ray = -0.5,n = 4.4 37y=-1.0,Ray =-0.5,n = 4.4
175 37;=-1.5, Ray = -0.5,n = 8.1 . 37;=-1.5,Ray =-05n=81
1501
125 1 6
~ 1 1 o
3 00 3
ad
75 4
50 4
24
25
0+ o0
0.00 0.05 0.10 0.15 020 0.25 030 0.35 0.00 0.05 0.10 0.15 020 035 0.30 0.35
P P
3.5 4
37;=-0.5 Ray =-05,n =22 37Z;=-05,Ray, =-05n=22
3Z;=-1.0, Ray = -0.5, 7 = 4.4 3Z;=-1.0, Ray = -0.5, n = 4.4
=0.005 1 3Z;=-15, Ray =-0.5,7=8.1 3.04 3Z;=-1.5,Ray =-0.5, 0 =81
2.5 4
—0.010 1
2.0 1
2 —0.015 &
<& 3
1.5 1
-0.020 4 104
—0.025 0.5 1
0.0 4
0.00 0.05 0.10 0.15 0.20 0.25 030 035 0.00 0.05 0.10 0.15 020 025 0.30 0.35
I 14

* The tunneling profiles of
the VEVs at the
nucleation temperature
resemble a kink function
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