Higgs Precisionas a Probe of Spontaneous CP Violation
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Based on arXiv:2505.05104++ in collaboration with Kei Yagyu
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Explicit : & breaks CP, complex couplings

Spontaneous : < respects CP, Vacuum does not
T D LEE, PRD 8, 1226 (1973)
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Explicit : & breaks CP, complex couplings

2 Types of CP Violation

Spontaneous : < respects CP, Vacuum does not
T D LEE, PRD 8, 1226 (1973)

o L. LAVOURA AND JOAO P. SILVA, PRD 50, 4619 (1994)
B> SM doesn’t allow SCPV, 2HDM dOEesS . joun F. GUNION AND HOWARD E. HABER, PRD 72, 095002 (2005)

o B. GRZADKOWSKI, O. M. OGREID, AND P. OsLAND, PRD 94, 115002 (2006)
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Spontaneous CP Violation in ZHDM

CPV arises dynamlcally from vev, not from Complex parameters IN the Lagranglan

| oM 1 0 1 0
(Da - eléa %(va + ha + iZa) , (a B 1,2), # <(I)1> ) ﬁ (V Cﬁ), <(I)2> ) % (V Sﬁ elf),
2

A A
V=mlz\cbl\2+m22|d>2|2—(m3CDT(D2+hC)+—\CD1\ +—|(I)2| + 25| @, 7| @, | +/14|(D @, |

K
+ 75@71‘@2) 26| @, | /17\<I>2\2l(<bf<1>z) n.C.. {m A} €1

Yukawa Interaction: £y =- ) [QL Vi®,d,+ O Yy @Gty + L Y@, 8, + h-C-]» V4 eR
a=1,2



Spontaneous CP Violation in 2HDM
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‘In this talk: Higgs preC|S|on can make orbreakthe SCPV 2HDI\/I




Spontaneous CP Violation in ZHDM

CPV arises dynamlcally from vev, not from Complex parameters IN the Lagranglan
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In this talk: Ijliggs_greclsmn can make orbreakthe SCPV 2HDM

Non-decoupling




SCPV 2HDM : Scalar Sector
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SCPV 2HDM : Scalar Sector

2 2.2 2 2 2
/IIC'B + /ISSﬂcf + /1652'36'5 [(/13 + /14) — /15S5]C'BSIB + /166166'5 + /17S,BC§ —(/155"66'5 + /16C,B)S§
M = V* /lzs/% + iscﬂzcg + Ag8p5Ce —(AsCpCe + A78p)8¢ |-
Neutral Mass Matrix AsSE

2 Diagonalise to get My



SCPV 2HDM : Scalar Sector

/IIC'BZ + /ISSﬂzcg + /16S2,BC§ [(/13 + /14) — /Issg]c'ﬁs'g + /166"526'5 + /175’1526'5 —(/155"66'5 + /16C'B)S§

M = V* /lzs/% + /lscﬂzcg + Ag8p5Ce —(AsCpCe + A78p)8¢ |-
Neutral Mass Matrix AsSE
o . o)
2 Diagonalise to get My
V652

trl M) = Z My = V(825 Ce (A + A7) + Josj + Ay + As) & det| M]

(15 + 1/15)*



SCPV 2HDM : Scalar Sector

/IIC,B + /ISSﬂcf + /1652'36'5 [(/,{3 + /14) /ISS ]C,BS,B + /16(3,%65 + /175’1526'5 —(/155"66'5 + /’166"5)5'5

M = V* /lzsﬁ + /156/365 + Ag8p5Ce —(AsCpCe + A78p)8¢ |-
Neutral Mass Matrix AsSE
2 Diagonalise to get ng]
V65?2

M) = ) myp = vX(sp5¢: (e + M) + Aps] + Ac} +25) &  det] M] TRVS
p Mg

2 Lower limit on & & lower+upper limit on 5

2 Unitarity, Perturbativity, Stability constrain the neutral scalar mass spectrum



SCPV 2HDM : Scalar Sector
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o ULRICH NIERSTE, MUSTAFA TABET, ROBERT ZIEGLER, PRL 125, 031801 (2020)
o M. NEBOT, F. J. BOTELLA, AND G. C. BRANCO, EPJC 79, 711 (2019)
o G. BARENBOIM, M. GORBAHN, U. NIERSTE, AND M. RAIDAL, PRD 65, 095003(2002)



SCPV 2HDM : Higgs to di-photon

» We assumed Higgs alignment = A¢;; = f(4;_s, 15, 1)

2 The scalar trilinear couplings:

/’tH"'H_h — = ;(Zm[—]"' + mh) /IHHh — (Zm[—] T mh) (l — 293) ﬂHz/g,hh — O, ﬂhhh —

2
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\/EGF oy My, -
%

['(h = yy) = P
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SCPV 2HDM : 4,

2 The effective potential is given at one-loop : V.=V, + V,

{ml-, j’l} — {5mi’ 5/11}

2
n my()
b 4 ¢ +
V, = m In —c| + -, = H* H,, H,, H
| 6472 ¢(§0) ( qu ) (§b 1> #52 3)
2 Preserve the correct vacuum and physical scalar masses: Renormalization conditions

oV, + VA1) o*(V, + Vo)

P=v P=v

2 In the alignment limit we get:

3
1 Ao
Vett.ouoon = = 3 g = 553 2" mz
/

o S. KANEMURA, S. KIYOURA, Y. OKADA, E. SENAHA, AND C. P. YUAN, PLB 558, 157 (2003)
o S. KANEMURA, Y. OKADA, E. SENAHA, AND C. P. YUAN PRD 70, 115002 (2004)
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o S. KANEMURA, S. KIYOURA, Y. OKADA, E. SENAHA, AND C. P. YUAN, PLB 558, 157 (2003)
o S. KANEMURA, Y. OKADA, E. SENAHA, AND C. P. YUAN PRD 70, 115002 (2004)



SCPV 2HDM : Fermion sector
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Higgs Basis
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SCPV 2HDM : Fermion sector
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SCPV 2HDM : Fermion
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SCPV 2HDM : Fermion sector
f’]‘ie R q

)
p,=Y, = : ¢, (VIVEMU! Uy)
T 2e _ & tan(zlfz;) tan(ZIfcf) forr

2 This is not diagonal and can lead to FCNC

Y Y =
Yf 2

~J/

2 To avoid FCNC typically Yukawa alignment is introduced Y]% Cf Y}, Cf S




SCPV 2HDM : Fermion sector
ieR  m—

Y )
=Y, = : % i M, — i (VI'VvEM,U'U,)
P ey |\ anhd) f tan(ZIfcf) fop

2 This is not diagonal and can lead to FCNC

/' — 7 —
V=gV =0

2To avoid FCNC typically Yukawa alignment is introduced Y2 Cf ff =
o L _ N2M, [(—sy+ cylpe
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SCPV 2HDM : Fermion sector
Y]‘ﬁe R #

S
Y : i M, — i (VIVEM
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V=gV =0

> This is not diagonal and can lead to FCNC

>To avoid FCNC typically Yukawa alignment is introduced Y]% Cf Y!
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\/5 V
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> The complex phase of the mass matrix appears as the overall phase
2 Yukawa mis-alignment is necessary to generate CKM phase.

>\We assume partial alignment in bottom and lepton sector.
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Constraints : Collider and Flavor

Flavor Constraints: B,— B, B.— B, D —D, b — sy

pp = tHIA — t(tq); q

1l
\;I
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LHC Constraints : .
pp > tbH™ - tb b

I e ———
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a Coupllng which can be Iarge ”[3 2](,%) & ”[3 3](/%) 1
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Constraints : EDM
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SCPV 2HDM : Constraints and BPs

: Parameters Range ||Parameters| Range
Constraints
N _ . mHjt/HQ/H3(GeV) 200 — 800 87 —7T/2—7T/2
2 Vacuum Stability, Unitarity, STU tan B 1 -8 0122313 0=
| tan§ 0.9 — 50 (512/23/13 0—2m
2 Flavour constraints Cs 0 — 50 C. 1
2 Electric dipole moment (EDM) /2 | |
pi= V2 Kczﬂ ; )(Mu)lj _ (1 ; )(VVTMMUMT Uu),j]
2 LHC Direct searches 2" s s
1 0 0 ciy; 0 sp3e7 Cly  Spe” 0
U,=|0 ¢ spe™ 0 1 0 —s;,eP e, 0
0 —s3e2 3 —s;3e 0 ¢y 0 0 |



SCPV 2HDM & Higgs Precision Measurements

1—-loop
A;t/’fzhh
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TANMOY MONDAL, KEI YAGYU, ARXIV: 2505.05104



SCPV 2HDM & Higgs Precision Measurements
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SCPV 2HDM : Characteristic Phenomenology

? H, is always below tf threshold & mostly decays to fc

P H, and H™ can decay via bosonic final states. Sometimes H* — c¢b is also possible

M H* /H,/Hs (GeV) 455 / 228 / 454 | 264 / 212 / 223 | 236 / 248 / 446 | 246 / 243 / 245
tan 3 2.61 3.12 2.51 2.53
tan & 33.13 7.95 13.45 42.31
tc: 82.93 tc: 96.85 tc:99.04 tc: 99.56
B, —xvy (%) 77 : 4.70 7 :1.03 7 :0.23 —
tu : 3.88 tu : 0.62 tu : 0.21 -
H>Z : 89.52 tc:97.34 H=WT :66.46 tc:99.5
Br.xy (%) tt : 9.57 77 :0.73 H-Z : 25.98 —
tc:0.59 tu: 0.63 tt : 3.78 —
HyW= :78.1 tb : 56.78 cb : 61.28 cb : 77.95
Bu+_xy (%) tb: 21.23 ch : 43.11 tb : 38.67 tb : 22.03
cb : 0.65 HoyW= :0.06 v : 0.03 -
o(pp — H*tb/H>*cb) (pb) 0.087/0.088 0.253/6.367 0.471/19.762 0.371/38.671
o(pp — H2/3) (pb) 4.277 / 4.247 4.854 / 7.022 3.702 / 4.657 4.163 / 8.348

TANMOY MONDAL, KEI YAGYU, ARXIV: 2505.05104




Conclusion

2 SCPV in 2HDM features non decoupling behaviour
2 We estimated deviation in triple Higgs coupling and H — yy

2 Existing constraints forces a correlation between Ao & BH — yy)

2 Existing data limits m. > 220 GeV

2 Higgs-precision@HL-LHC will make or break SCPV in 2HDM

2 We can also look for characteristic phenomenological signature of BSM scalars @ LHC

Thank You






Scalar Sector
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theta(t)
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