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Baryon Asymmetry of the Universe

« EW baryogenesis

« Sakharov conditions

« Baryon number violation: Sphaleron process

« Cand CPviolation: CFPphases
e Out of equilibrium: strongly 1st order EWPT

e In the SM, KM phase is too small & EWPT is cross over
« New physics is needed
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CPviolation

« Consider CPviolation with vector-like leptons (VLLS)

e Singlet-doublet fermion model
« Minimal model

Fields Urr | ELr Nr R H | 0510064 (PRD), R. Mahbubani, L. Senatore
sU@. || 2 h ’ 5 | 0705.4493 (PRD), F. D'Eramo | |
1109.2604 (PRD), T. Cohen, J. Kearney, A. Pierce, D. Tucker-Smith
U)y Y | Y-1/2 | Y+1/2 ] 1/2]1311.5896 (JCAP), C. Cheung, D. Sanford
1411.1335 (PRD), T. Abe, R. Kitano, R. Sato
e Our work

« Extend the model for EW baryogenesis
e Discuss constraints of CP phases such as EDMSs.
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Model for EW baryogenesis

« Our extension to solve baryon asymmetry of the Universe
1. Baryon number violation < assign the baryon number to VLLs

2. Cand CPviolation < CPphases in interactions of VLLs

3. Out of equilibrium (1sterder PT @EW scale) < multi-Higgs extension
« We propose a model with gauged U(1)g symmetry

Fields | W, | Wg | Ey | Er | N»| Ng H H, o

sU@2) || 2 2 1| 1] 1]1 2 2 1 (H2) _ tan 8
Uy || —1/2] —1/2] =1 | 1] o | 0 1/2 1/2 0 (Hi)

UW)g || By | B: | Bo | Bi | By | By | ~(Bi+By)#0| 0 | (Bi—By)=-3|(p) = fu(p/\/§

« VLLs have B, , same as the baryon number in SM, but no color charge.

« To avoid FCNC, %y only couples to H, by U(1)g (type-I 2HDM)
* Anomaly cancellatlon

B —

= —J

« To obtainm?,HI H,, (BI>B2)
« VLLs are a55|gned /,-odd to forbit erEr and Ly, and to stabilize DM
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Model parameters

 Neutral Gauge bosons:[mz,mz,e] ¢« 1

e Scalar bosons:(mg+,ma, mg, mp, mg;tan B,sin(8 — a), ay, as)

* Fe rMIONS: —Ly... = (yunYLNg + JunYrNL) Ho + (U5 NL + 55y U5 NR) Hi
+ (yoeVYLER + JurVREL) Ho

[2HDM+S]

_ _ _ 1 _
+yoVVro+ (YN, o NLNr +yeELER) 0" + §mNNLN£ + h.c.,

- We can remove phases of (Yo, Yg, YN, MN)

« In the remained 6 Yukawa’s, 3 dof are taken as CPV independently

e Charged fermion: mass(2)[""»,+ mixing angle(1) + CP-phase(1) E\I/E

» Neutral fermion: mass(4)["%? , ., |+ mixing angle(6) + CP-phase(2) Qun, 05N )
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Qutline

» Signal strength (gg— h— v y) — Uy
« Scalar mass constraints — m, & My
- Higgs coupling measurement (« ,, k /) = tanfB & sin(B-a)

« Predictions
* EW-ino searches — my o & m ;=
« Rho parameter — m» ~  ~
« Electric Dipole Moment — (Bun, Oy N, Oup)
e Dark matter 3-independent CFP-phases

e Discussion
e« Conclusion




[ Charged fermion contribution
| e = 800 GeV

| Charged scalar contribution
* Appine © MyZ— M

? M x my
-5 Tmeory — uexpl - ] « Small m, — non-decoupling limit ®iue)
: \/(Alu’theory +€A/’L6XP U(P S 0(1) TeV
_10111 “““““““““““ A

10 15 20 25 30 35 40 e« Large my,— decoupling limit ed)
Logq[v,/GeV]
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Scalar mass constraints

Vacuum stability and perturbatibiy A; [v,=1 0® GeV]

0 200 400 600 800 1000
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Vacuum stability
min {,\1,2@, a+2Vbe, 4AN, — 2\ N0, + \/(A{p —4MAG) (A2, — 4>\2,\¢)} > d,
Where (a, b, C) = (A, )\1, )\2), ()‘1907 )\1, )\90)7 ()\290, Az, )‘90); A = )\3 -|— min(O, )\4)

ma < 364GeV  (mp+ = 350GeV)

Perturbativity )\z < 47‘(’
mp= < 600GeV

h— AAis avoided by frn 4 ZJ mh/2|

Flavor experiments : it would be safe if
mpg+ = 350GeV, tanf( 2 2
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@ EW-ino searches

« Two CP phases for neutral fermions are scanned

e Absolute value of Yukawa Cogvb)l

* Input parameter:
(mp=,mg,ma,mg;mz)
= (350, 350, 100,96;0.1) GeV,
(v,/GeVitg, sg_q, 1, (2} €)
= (800,2,0.99,0,0.1; —1073), S

(y\I/N, y\cI/Na YUE, YV, YNLr>» YV E, mN/GeV) 100¢

= (0.15,0.15,0.60,0.20,0.30, 1.00, 500),

~ _ ~C _ C ~ —
YuvyN = YN s YuoN — YuN > YVE = YVE ,

Q‘PNZOEI/N:aWE:eE:eW:gNLR:O ol
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ings are fixed
ino searches

Direct search bound; m%o/GeV:
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@ rho parameter

(*1) Aptree+Apgauge [u=mz] (*2) T [1o(dark blue),20(light blue)]
2 10510"‘ 10°% 102 10" 10° 10 102105 1.0 ‘\J N W \\‘
m AT = e _ 3 ' — T A RN I NN ]
=1 2Z° £ 1 : \ myg = Mg+ KRR R N RN
Ptree = 2 E i | SRR R R
mZ 1045k & (custodial symmetry) SRR N 288 N2 ]
\ 0.5 v SRR
due to mass mixing A% Z9 x* \ , RRRRRRRRY
& T : ’Ugo >> (v , RRRRRRE
—— > E i
Z-7"mixing @tree level 8 g ‘T ool
_ 2A? NS ':>|Z scalar = OI z
tan 28pree = —5———- > s |
zo — M w0/, %)) ) ) ) A | ERRNNNNNERNENNNNS
1-loop correction ) I NN, SRR |
v 1025 Sparameteris 051 SISSSNA, RN |
2 iy IS NN NN NN ]
A = ¢2 1_ Mz not sensitive to " RRR R SN SRR |
Pgauge 1-loop 2 | SR N Nt NN ]
—_— Mz ) 10t two CP-phases ,\:,C RN SN :::C,
1.0 RN . | . \RRNR SARL.
< G -1.0 -0.5 0.0 0.5 1.0
mZ/ ~U O' 1 eV (taken an example for a set of Yukawa couplings)e /7T
_ WN -~

Pl-loop = 1 — (Aptree + Apgauge) + CVem(,-rscalar + Tfermion)
Pexp = 1.00039 £ 0.00019 (1o) (*1) (*2)
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eEDM nEDM
10722} 10722} s It
10241 10-24 EDM exclusion
1.0 s R
g -26 | g 26 7
° 10726} o 10 7
= 1= 0.5
S jo 'S o I
L
10—30 L 10—30 L % 00 7
S
320 . A T 320 . v A b
10 .o 10 8 -6 -4 —2 0 ,*0’ Sl
SO | M|
LogqolOue/TT]  “~< Log1o[Bye/TT] /
T ay
+ Electron EDM: Cancellation d&*P > @%°® ~ ¢X'7 + @V | o W8 |~ 0 ™
/ 10 -0.5 0.0 0.5 1.0
o . h exp tot . JWW,
Neutron EDM: Impose a condition d5*P > d,>" ~ d, " | Bun /T
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@ Dark Matter

* Direct search
e Scalar mediating processes (Spm mdependent) are dominant

dpm (BMC800)
wl 1.0
. B .. = eBMC700 I
10—44," P 8 : BM 0, oBMC700p o
H h w i . - B4351\:900‘ 7 :
» 19 i N R 05§
10746~ $ \

Us|/Cm2

1.7(2022)- 0.0

B~/ 7T

- Relic abundance ~ | R <&\
* Yi¢ i N
— WW)ZZJAA o |

« Gun #0, 655 #0

10 20 50 100 200 500 -1.0 -0.5 0.0 0-5 10
m,,/GeV quN,.,/Tr
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Combined all constraints

Oom (BMC800)

9L|JN ~°I7T

| D EW-ino searches (green: allowed)
1 @ T parameter (blue: allowed)
11 ® electric dipole moment (brown: excluded)

1000 -05 0.0 0.5 1.00 @ dark matter direct searches (gray: excluded)

9‘PN~/ JT
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Conclusion

« We have proposed a model for EWBG with gauged U(1)g
« New fermions with CP phases are needed by gauged U(1)g
« U(1)gis broken by (H;,, S) for FOPT & generates fermion masses

» We have derived constraints in Vg, (mz, my, my.), (t5, Sg._q)

« At fixed Yukawa couplings, we have shown predictions in CF-
phases considering (EW-ino searches, 7 parameter, EDMs,
dark matter)

« Complete work for successful EWBG is planed as future work



Backup
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Model

SU@3)e | SU(2)L Isospin Ul)y Ul)em U(1)p | Flavor | Z,
Fields T3 Qv | Q=T>+Qy | Qx i

Qb = (ui db)T 3 2 (1/2,-1/2) | 1/6 | (+2/3,-1/3) | 1/3 3 +1
u'y 3 1 0 2/3 +2/3 1/3 3 +1

di 3 1 0 -1/3 -1/3 1/3 3 +1

LY =t e)T 1 2 (1/2,-1/2) | —1/2 (0,—1) 0 3 +1
e 1 1 0 —1 -1 0 3 +1

U= (0 w)T 1 2 (1/2,-1/2) | —1/2 (0,—1) -3 1 -1
Up= (09 U7 1 2 (1/2,-1/2) | —1/2 (0,—1) 1 -1
E; 1 1 0 —1 —1 1 ~1

En 1 1 0 ~1 ~1 -3 1 ~1

Nr 1 1 0 0 0 0 1 ~1

Ng 1 1 0 0 0 -3 1 ~1

Hy = (o7 DT 1 2 (1/2,-1/2) | 1/2 (+1,0) 1 +1
Hy = (¢35 o9)7T 1 2 (1/2,—1/2) | 1/2 (+1,0) 0 1 +1
© 1 1 0 0 0 -3 1 +1
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Lagrangian

£ — EYM + £gauge - V + ['kin —I_ ‘cySM + ‘Cynew )
where

1 1. . 1. . b
Lyva= = ;W - WH = 2B, B — 2X,, X" + %B’“’XW ,

Egauge = |‘l),uI{1|2 + |D,LLH2|2 + ’D’u(plz )

2
V = M| 4 dal Bl Xl P H 2 + A | HTHa |+ A (070)?

+ (Ao @ +m3) | Hi|* + Mape™ e +m3) | Hao|* + micp*so + AV +h.c.,

—i Lyin = ¥ DV + VDY + ELDE;, + ERDERr + N1DN;, + NrDNg ,
—Lyon = Yu QL UR HV2 + (ya @L dr +ve L1, er) Hy + h.c.,
—Ly,.. = WenTLNg + JenUrNL) Hy + (55 UG NL + 555 V5 Nr) Hi

+ (yoeVLER + JueVREL) Hy

T T Enl * 1 N ATC
+ysV VYR + (YN g NLNR +yeELER) ¢* + §mNNLNL +h.c.,
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CP phases

« 3 physical phases
Im (ng\;Ee—i (6 +9yE>) = sin(Bup — Our — Oy — 05)
Im (?@Nyfpzvei 9”) = Sin(a‘I’N —Oyn +0u)
Im (yq,NﬂfI,Ne_i <9yw+2i0NLR)> = sin(fyn — 055 — v — 20N, )
« We define 3 independent phases as

n NC
(O, 05, Our)
taking gy = 05, =0gp =0 =04 =0y,, =0.
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“Ag o< A pap.
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Logo[ve/GeV]
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Higgs coupling measurement

a2=0 1
14+
(Sp-artp)=(0.97,10°)
20
1.2 (Sp-astd)=(0.99,10°)
i 10
Y
X
r 3
Lol M %
0.8+
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_ ChXX
ChX X
Cn_
ﬁ:f p— Ca2 (8/3—04 _l_ IBtIBa>

Rz = KW = Caq SB—a

I

T 71
_Z<<1
my

sin(8 — a) 2 0.99

if tang = O(1)
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« Two CFP phases for neutral fermions are scanned
« Absolute value of Yukawa couplings are fixed

benchmark

e Input parameter:

June 6, HPNP2023@0saka U.

(mpg+,mpg,ma,mg;mz)

= (350, 350,100,96;0.1) GeV,
(v,/GeVitg, sg_q, 1, a2} €)
= (800,2,0.99,0,0.1; —1073),

(YoN, YoN, YUE, YU, YN, Yo E, MmN/ GeV)
— (0.15,0.15,0.60,0.20,0.30, 1.00, 500),

~ _ ~C _ C ~ _
YyN = YUN ,YoN — YuN H»YVE = YVE ,

Oun = 05y = Oup =0p =0y =On,, =0
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Dark Matter

e Fermion DM with scalar mediator

BMC700
4'u mNm¢o 10744 . 0 L . Bmaoo“ B
osr=c2 T f%, u= L. reduced mass &
T my _I_ m’l/}? BM900A
— C¢¢?w(1)h:¢ff tjo Ca Cag SOLQ m'l,[} 10- -46|
©= Z v(t —m?2) SBU v
b=h,H,S ¢ B 2
(a1 0 is taken) °
10- -48|
« Can be suppressed by m¢ ~ m,,
50 [ ] gq;N:g\CI,N:O
10 i * g\pN#O, a&,N#O
10 20 50 100 200 500

m,,/GeV
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dpm (BMC700) dpm (BMC700p) dpwm (BMC900)

1.0

>3

= out

=y Phlecd X ;
%0 -05 0.0 0.5 1.0 %10 -0.5 0.0 0.5 1.0 %0 -05 0.0 0.5 1.0
Oyn. 1T Oyn. /1T Oyn. /1T
gpm (BMC800) Jom (BMC800p) g (BMC800q)

-0.5 0.0 0.5 1.0
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CF-violating signal at ATLAS

C —

C

LSEpT 3 %EOHWB B 400
|

Crw %
“HWE ¢ [().23,2.34] TeV 2 g 2

A2 —
[2006.15458 (EPJC), ATLAS collaboration] ;:f 0

139/fh SM exclusion
ATLAS exclusion

£VLL :ﬁ(lm - mq;)\I/ + N(Zw - mN)N + E(Zm — mE)E ) . .
3/ab SM exclusion

—VH(Yn, P+ YN, Pr)N —WH(Yg, PL + Y, Pr)E

-400 —-200 0 200 400
Crivn = poas [(1+ 69)Im[Y, Y, + (1= 6)lm[Ye, Vi, ] L (v, ¥) [TV
m

[2009.13394 (PRD), S. Bakshi, J. Chakrabortty , C. Englert, M. Spannowsky, P. Stylianou]
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CFP-violating signal at ATLAS

« ATLAS observed a new CFP-odd effect in the Zj/channel
« Dim-6 CFP-violating op. in SMEFT PRI T2 01000

1
CHWB

a I17a v Cuw 1 ~ v
T (H'r* H)W, B* > % (——(v+h)2> (—ct sw ew) Z Z*

%
W — 0.01}
% € [0.23,2.34] TeV 2

[2006.15458 (EPJC), ATLAS collaboration] E ’
@ EISI 1074+
« /Zh interaction at 1-loop T &

~ ~ k+p k+p+r 107
Azzn 2 Bzzn h Z,,, ZH i

By zn € [0.049,0.157] TeV—1 7 ———— o= 10 50100 5001000 500010

—q2 /1GeV
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FW baryogenesis (future work)

e Strong 1st order phase transition at EW scale & Gravitational
waves

e Estimation of the baryon number



