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Motivation

» Mechanism of baryogenesis provides explanation for
matter-anti-matter asymmetry

» Sakharovs criteria for baryogenesis:

1. Baryon number violation
2. C-and C'P-violation
3. Departure from the thermal equilibrium

» SM C P-violation not sufficient
» Interest in models with additional C P-violation, e.g. C2HDM
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Extending the scalar sector of the SM

» Most general 2HDM scalar potential:
Vi = m2,0l®; +m2eld, — [mfzcbicbz n H.c.}
FIN(@]81)% + Io(BLB2)2 + A3 (D]D1)(B] D)
+ A4(0[02) (@}@1) + [$25(@]@2)? + Hec|
+ | A6 (®]D1)(B1D3) + Ar (D] Do) (B D5) + H.c.} ;

with {m?,,m3,, \1,- -+, \} € Rand {m?,, X5, A¢, A7} € C

» Flavour changing neutral currents strongly constrained by exp.
= impose Zy-symmetry (&7 — ®1; P2 — —P5), provoking
m2y = A\ = A7 = 0, X5 € R (via rephasing of ®,)

» Then introduce soft breaking complex m?, # 0 for decoupling
(can have heavy new scalars): C2HDM
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Real 2HDM

» Wider part of literature now makes the choice {m?,, A5} € R by
imposing CP-conservation in the scalar sector: real 2HDM

» Has C P-even physical scalars h, H and C P-odd pseudo scalar A

» Proceed to study effects of Z,-symmetry in fermion sector and fit
to experiment

» Need to accommodate C'P-violating phase of CKM matrix

Main question of our work: Are C' P-conservation in the scalar and
non-conservation in other sectors compatible?
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Potential inconsistency

» Strong breaking of C'P via complex Yukawa couplings
(— CKM-matrix)

» Note: has nothing to do with soft C P-violation via Im(m?,)

» Loop corrections could translate this to scalar sector, e.g.
produce scalar-pseudo scalar mixing or A-tadpole (real 2HDM
has t4 = 0)

A ---@.-- hH 40, A ---@ £0

» Expectation: lack of C P-violating counterterm 6Im(m?,) in real
2HDM in order to renormalize such contributions

» Our finding: surprisingly difficult to show this inconsistency
explicitly (= rarely mentioned in the literature)

> [EPJC 81 6, 2021, arXiv:2103.05002]
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Real 2HDM vs. C2HDM

» Can look at real 2HDM as limiting case of C2HDM, with
Im(mi,) =0
(or more specifically, with the rephasing invariant Im[\ (m2,)?] = 0)

» Corresponds to specific corner of C2HDM parameter space

» Even when tree-level parameters are set to zero, would still have
the respective counterterms present

» This in contrast to the the real 2HDM as starting point with
C P-conservation implied = forbids counterterms
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Some features of the real 2HDM

Potential:
Ve = m20l®, +m,oeld, —m, [@{% + @L@l}
+ EAL(@]D1)% + Iha(D@2)? + A3(D] 1) (D] Ds)
+ A(@{ @) (@101) + 125 [(@]@2) + (@] 1)?]

Physical fields:

o CBG+ - 85H+
. % [ves + (coH — sah) +i(cgG® — sgA)] |’

. 85G+ + 05H+
N % [vsg + (saH + cah) +i(ssG° + cgA)] |

> Inserting physical fields yields 4 = 0, t;,z # 0

Ang !
> Now use vacuum conditions ¢,/ = 0, solve for m?,, m3, and
insert back in
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Some features of the real 2HDM

» This yields vanishing quadratic G°G°, GTG~, G’A and G*HT
terms
— GY and Gt are Goldstone bosons

> Aand HT are already mass eigenstates
—> No mixing of scalars and pseudo-scalars

» There are quadratic terms for HH, hh, and hH

» Use « to get rid of h H-mixing
= h and H are the physical neutral scalar fields

> real 2HDM parameters: {a, 8, mp, ma, my=,Re (miy)}
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Jarlskog invariant

How does C P-violation come into play?

Need to couple scalars of real 2HDM to SM-fermions

C P-violation then arises from complex Yukawa couplings
In mass basis, this introduces a complex phase in Vogw
Can shift it around by quark field redefinitions

Only rephasing invariant quantity is Jarlskog invariant:

vVvyyVvyyvyy

I =Im (VMVBJ Vﬂz = J Z €apy €ijk »
» Example: I3 = 144 = J
» Diagrams to generate J need at least four Vkv-factors

= high order effect

Maximilian Léschner | ITP @ KIT 9/20



Toy model

Build toy model with same pathology as real 2HDM, but @one-loop:

» Two neutral scalar singlets:
Lo = piOIP1 + 585, + p 207Dy + ()" 9594

FAL(DED1)? + Ao (D5D2)° + Agy DT D BLD
HAs5(B1 Do) + A5 ™ (2301)?,

» Two charged scalar singlets:

L, = mIxoxi+mExrxE+ o 0¢x)?
+02(XRXR)? + P34 XLXLXRXR>
» Yukawa-coupling equivalent:
Loy, = fiPixexr+ i PIXiXr+ foPaXLXR

+f5 X xR+ 91 PTPixI XL + 92 P5PaxT XL
+93 PTP1XRXR + 94 P5P2XRXR-

Inspired by [A. Pilaftsis; ‘98]

Maximilian Léschner | ITP @ KIT

10/20



Toy model Il

» Impose (softly broken) discrete symmetry D (equivalent of Z5):

D D D D
&) = -0y, P2 = Py, X = —XL, XR — XR-

» Conditions for C'P-conserving potential:

Im [12 f, f3] = Im [)\5 2 (f;)ﬂ = Im [A; (;ﬁ)ﬂ = 0.

» Parameterize neutral scalars as

P, = % (Ul + coh — spH + ’L'CBGO = iSBA) s
o, = \% (vg + sph + coH + ispgG° + i65A) ,

» Yields C' P-even and -odd fields as in real 2HDM
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Toy model pathology

Toy model becomes non-renormalizable

» Examples of divergent contributions @one-loop:

X1/2

/A\

A--==y )

A /

>
X2 X1/2 X1/2
/A-\ /A\

FIRGE=-— \eee B, H A ---y \eee b, H
N / N /
» >
X1/2 X1

» When imposing Imp? = Im\; = 0 (as in the real 2HDM) to
define the model, one lacks the corresponding counterterms

» (C P-conserving potential is not renormalizable
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Jarlskog contributions to real 2HDM

» Expect same pathology in real 2HDM via the appearance of .J
Need a closed fermion loop with > 4 CKM-factors = > 3-loop
» Example of diagram pair where .J factorizes:

v

d; y di
W = N
A M ’ us A u ﬁ
Ug Ua
d; i

» Goal: determine leading divergence of C P-violating contributions
Collect all diagrams containing some fixed set of quarks which
could yield J, e.g. :

v
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Details of calculation |

» Generate all three-loop tadpoles containing ¢, d, t, b
(FeynMaster, QGRAF vs. FeynArts)

» Non-trivial check of FeynArts @3-loop!
» Amplitude manipulations with FeynCalc
» Eventually: 208 non-zero Jarlskog-diagrams in three categories:

d
d t W(‘I,— >
RN N A--—-C hc LYW

ch hu-Swyt dd hatSwyd H-

> A

» Caveat: we used naive dimensional regularisation (expectation:
~v5-scheme does not affect leading pole)
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Loop integrals

» Use FeynCalc function ApartFF for partial fractioning:

q1 g2
@?[@2 — m?)[(q1 — ¢2)% — m?]
1 1 1
= +

2¢((a1 — @2)> —m?]  2[a3 —m[(a1 — ¢2)2 —m?]  24i[a5 — m?]

» Still can not get rid of “problematic” integrals of type:

(1,2)
Us (ma, ma, ms, ma, ms)

e31se / d a1 Q2
=i——> [d%q d%g2d%gs
m3d/2 (af —mi)(a3 —m3)(g3 — m3)
1
X

((q1 — g3)? —m3) ((q2 — g3)> —m2)
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Integration by parts reduction

» Can use integration by parts (IBP) method to determine
“problematic” integral

» Simplest example (a > 1):

1
F(a) = / dkdm

» Use the fact that:

0 k,, k2 — m? 4+ m?
i d d -
- /dk (k2 —m2)e m2 /dk - mz & (k? — m2)atl }
» Leads to recursion relation
d—2(a+1)
Fla)= ———"ZF(a—1
@) 2(a + 1)m? =)

» FIRE uses this method to break down loop integrals into set of
master integrals (here: F(1))

1,2 . q
» Can decompose U5< ’ )(ml,mlg,m/37m4,m/5) into scalar integrals
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Numerical result

» Decompose all relevant amplitudes
» Numerical evaluation using FIESTA
> Yields non-vanishing leading pole for (7%4)¢¢

_i<__]__@)“ _ 2392.6(GeV)T AP

th g3

» Non-trivial test of FIESTA @3-loop with up to five different
propagator masses

End of the story?
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Analytic result

» Can use analytic results for leading e-poles with the same
decomposition as for numerical evaluation

» Eventually: remarkably simple result for full tadpole

. o . 1 g ai ot -2
. Z("T%)m = S, 500, 61 18 + O,

2

with Mg‘j’ =(m2 —m,)(m3 — m?lj)(mu& —m3 + muﬁ = mij)

» But: contribution vanishes when summing over all families!
>3 @ =06
a<f i<y

» Note: does not vanish due to anti-symmetry in a <+ 5 or i <> j
—> Some unknown (family-) symmetry at play?
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Similarities to electric dipole moment (EDM)

» SM electron- and W-EDM vanish up to 3- and 2-loop respectively
| TN /‘\

| {Wm)

: @ @

» [Khriplovich, Pospelov; '91]: “We cannot get rid of the feeling that
this simple result (...) should have a simple transparent
explanation. Unfortunately, we have not been able to find it.”

2
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Conclusions

Q: Does the CKM-induced C P-violation leak into the
C P-conserving sector of the real 2HDM?

A: Probably yes, but only @ > 3 — loop, in sub-leading
divergencies or finite contributions
» Toy model exhibits expected pathology of real 2HDM
» Non-trivial checks:

»> FeynArts works @ 3-loop (tadpoles)
> Fiesta works @3-loop with up to five different mass scales

» Individual C P-violating 3-loop contributions are non-vanishing
» Leading divergence vanishes when summing over all families

» How to solve the riddle of “accidental” cancellations of
leading poles?

Maximilian Léschner | ITP @ KIT

20/20



Conclusions

Q: Does the CKM-induced C P-violation leak into the
C P-conserving sector of the real 2HDM?

A: Probably yes, but only @ > 3 — loop, in sub-leading
divergencies or finite contributions
» Toy model exhibits expected pathology of real 2HDM

» Non-trivial checks:

»> FeynArts works @ 3-loop (tadpoles)
> Fiesta works @3-loop with up to five different mass scales

» Individual C P-violating 3-loop contributions are non-vanishing
» Leading divergence vanishes when summing over all families

» How to solve the riddle of “accidental” cancellations of
leading poles?

Maximilian Léschner | ITP @ KIT

inoA yueyy

20/20



Backup slides



	Motivation
	Model discussion
	CP-violation
	Details of Calculation
	Results
	Conclusions

