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CP violation in the 2ZHDM

(generalities on explicit and spontaneous CP violation)

Work with:
Bohdan Grzadkowski, Odd Magne QOgreid

JHEP 2014, see also talk by OM®, Scalars 201 |



2HDM notation 1

1
V(®1,@2) = —3 {mflcbicbl +m2,Bld, + [mizcb}cbz + h.c.} }

A A
+ = (0]@))? + 72(‘135%)2 + A3(1D1) (DD2) + My(D] Do) (PLD)

0
— % {A5(<I>ICI>2)2 + h.c.} + { P\G(‘DI%) + )\7((1);(1)2)} (@1®,) + h-C-}

1
= Y,;OLD, + §Zaacd<q)g¢b)(¢j—;q’d)

No FCNC: A =0; A=0 (first part)

Allow CPV: M122, A5, A, A7 complex
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2HDM notation 2

ns = —sin By + cos B
RM?RT = M2 = diag(M?, M2, M?)

diag
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The rotation matrix R

1 0 0 cosas 0 sin oo cosay sina; O
R=R3sRy;Ri =10 cosag sinas 0 1 0 —sino; cosay 0

0 —sinas cosas —sinag 0 cosas 0 0 1
€1 C2 S1 €2 S2
= —(Cl S9 53 + S1 Cg) C1C3 — S51 52 53 Co S3
—C1 59 C3 + 51 S3 —(Cl S3 + S1 89 03) Co C3

c; = COS Qy;, §; = SIN (;

3-dimensional parameter space

CP will be conserved on certain manifolds
embedded in this space.




In the absence of a Yukawa sector
(which might distinguish the two doublets),
there is a reparametrization invariance

If CP is conserved, or spontaneously violated, then a basis
exists in which all the parameters of the potential are real

We follow approach by Gunion & Haber, study invariants:




CP conservation:
Define:
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CP conservation:

Define:
6\
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CP conservation:

(1) Where in the o space do we have
CP conservation?

a = {ay, a2, a3}



Answered in part in hep-ph/0702097

Limits of no CP violation
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Explicit or Spontaneous CP conservation?

Iysz = Im [ZC(L?Z(E%)Zbéc&Yda]

i more invariants!
lay2z = Im [YaBYdeade(D}

= 100 = )T [(3,2X)]

— ?2,042 ()\1 — )\2) _4UQILL2R€ )\5 — 4#4 —+ v4(Im )\5)2} Im )\5
v

Iyysz =Im | Z

- é (mdy —m3s) [\ = Az = M) (Ao = Ag = Aa) — [ As[*] T [(m,)°As]

2 92
U1 Uy
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X [(v7 —v3)(2p" — VP (A3 + A+ ReXs)) + 07 (07 A — v3A)]
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In general the CP violation is explicit it

Iysz; 0 and/or Iyyoy #0 and/or Isysz #0 and/or Igz; # 0

(2) Where in the o space is CP violation
spontaneous?
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Plots for

M, =125 GeV, M, =200 GeV, My« =350 GeV, =250 GeV

tan 3 = 2

Green (lines, dots): CPC
Red (lines, dots): SCPV

Yellow region: ECPV

Violations:

as

10!
05

00"

1.5

10!
05

00

5-10-0500 05 10 15

JT
a =+ —
6
10|
05
00" __

5-10-0500 05 10 15

1.5

1o

05

00

5-10-0500 05 10 15



Plots for
M, =125 GeV, My =200 GeV, Mg+ =350 GeV, u =250 GeV

tan 3 = 2
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as tan 3 =05 tan B =1 tan =2
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a3 tan f=5 tan 8 =10 tan 8 =30
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INTERMISSION



CP violating ZZZ vertex

(“Trailer” for OMOQO’s talk)

Work with:
Bohdan Grzadkowski, Odd Magne QOgreid

In progress...



Preamble

P2, K2, a2

ggg vertex in QCD P1, 1, @1

pP3, 13, a3

SU(3)

Structure: /

—1g fee [gulm (pl — p2)u3 T Guops (p2 — p3)ul + Guspm (p3 - pl)m]
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Origin of ggg coupling, SU(3):

L>TrFYF,
Fr = QP A" — A — ig[AF, AY]
FIY = 0" Al — 0" AY + g fape AL A

N

structure constant

SU(2): Completely analogous.

But structure constant is zero unless
all 3 gauge fields are present.

Have W+W-Z vertex, but

No ZZZ vertex (at tree level).

22



Back to QCD
At one loop (ggQ):

b1
ay pq
P3 o) a3 U3
v
Pl/ \Pz

a1 (1 G2 M2

b1

ay f1

)

flavours

D1
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More Lorentz structures:

tree level structure

/

Ty sass (P15 D2, P3) = A(DT, 055 D3) G (P1 — D2) s + B(PT, 055 03) Guiayn (D1 + D2) s
—CP}. 95 3) ((P1P2)Gpuasen — PryaP2sy) (P2 — D2)ys

+% S(p%7p%7p§) <p1ﬂ,3p2’u1p3u2 +p1M2p2N3p3ul)

+E(p},p3:93) ((P192)Gases — PryaD2ss ) (P (D2P3) — Doy (P173))

+H(p§,p§,p§) [—Qumg (plﬂg (]92293)—292“3 (plp:s)) + % (P1M3p2ulp3u2 —p1u2p2M3p3ul>}
+ { cyclic permutations of (p1, 1), (P2, t2), (3, t3) }-

(in QCD) all conserve CP
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Z/ZZ vertex at one loop

(General structure

Gaemers & Gounaris (1979);

Hagiwara, Peccei, Zeppenfeld (1986);
Baur & Rainwater (2000)

Bose symmetry and Lorentz invariance: Coupling vanishes if all are on-shell
For two Zs (Z2, Z3) being on-shell:

M2
F“‘;“;‘Q/“?’ — M2 [zf ( h2 GHiks +pﬂ3gmu2) +ifs euwwsp(p _ pg) fgfemuzu:applp]

Violates CP Preserve CP

13 " 1
plus “scalar” terms X P}

SM: quark loop contributes to 55 J6
LHC: ‘f4‘ 0.01
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Z/ZZ vertex at one loop

Z: odd under C
ZZ: even under C
ZZ/Z vertex will in general violate CP

SM contribution via fermion loops
preserves CP

Gounaris, Layssac, Renard (2000): %
“Vertex can only be generated by fermionic triangles” Incorrect! 7

26



Z/ZZ vertex at one loop, in 2HDM

non-zero contribution from bosonic sector

Allow for CP violation in Higgs potential
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2HDM notation 1

1
V(®1,@2) = —3 {mflcbicbl +m2,Bld, + [mizcb}cbz + h.c.} }

A A
+ = (0]@))? + 72(‘135%)2 + A3(1D1) (DD2) + My(D] Do) (PLD)

0
— % {A5(<I>ICI>2)2 + h.c.} + { P\G(‘DI%) + )\7((1);(1)2)} (@1®,) + h-C-}

1
= Y,;OLD, + §Zaacd<q)g¢b)(¢j—;q’d)

No FCNC:
Ae =0; A7 =0 (relax this)

Allow CPV: M7, A5, Ag, A7 complex
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2HDM notation 2

ns = —sin By + cos B
RM?RT = M2 = diag(M?, M2, M?)

diag
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CP violation in the 2ZHDM

® |avoura and Silva, 1994

® Botella and Silva, 1995

® Gunion and Haber, 2005

® |vanov, Nishi, Maniatis..., 2006-2007
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Gunion and Haber expressed invariants

vev

2 A*/ (1) AN
Im Jl — —ﬁlm [ &YCLEZ[)J Ud}
4 .
ﬁlm [?)Z }/beY =/ afd?}avd}

Im J5 = Im (05022, 2. Z,q 14t

Im J2

CP conserved iff ImJi=ImJ, =ImJs =0
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What is the physical content!?

Can
Im Jl, Im JQ, Im Jg

be rephrased in terms of
“physical” quantities!?




The physical content

Footnote: ImJ; =Im J3g + terms o< Im J;, Im Js
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Three determinants:

Footnote: ImJ; =Im J3g + terms o< Im J;, Im Js
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Couplings:

antisymmetric

/z’,j,k:l,Q,S

€ijkcr(pi — pj)t

/VH H ;-
77 20 cos Bw

HYH H,: —ig,
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Recall CP-conserving 2HDM

Let Hy=h
Ho=H
Hys=A
Then
(ZHA) e #0 (hHT™H™) q #0
(ZhA) ey #0 (HHTH™) 2 #0
(ZhH) e3=0 (AHTH™) ¢3=0

The invariants Tm.J;, Im.J,, ImJ; vanish
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This result was actually published
by Lavoura and Silva in 1994

__ .6 7LS
[Im JQ]Higgs Basis U Jl
' _ .3 7LS
[Im Jl-Higgs Basis U JS
' .4 7L5
[Im J3O- Higgs Basis v ‘]2

and is reminiscent of the Jarlskog determinant



Z/ZZ vertex at one loop

2o £
/ E 2 ,/’/ E Z1 e
VAV Iel Gy v
o RN
NNIE i S~le

Note sum over 1, j, k all different.
All three neutral Higgs bosons involved.
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Z/ZZ vertex at one loop

All three neutral Higgs bosons involved.

] L Proportional to Im J;

200 M2  ejeqe

20 9y 7  ejeges
Ji (pl) — Wsin3(29w)p% _ M% e

XY €ijr|Coor (01, M3, My, M7, M?, M3) + Coor (p7, My, M3, My, M7, M})

N
+ OOOl(pi M%a M%? Mz‘za M%a Ml<2:) o COOl(pi M%? M%? Mz‘27 Mj27 Ml?)
T Mgcl(pi Mga Méa Mi2> M%a Ml?)]

/o, /5  assumed on shell

non-symmetric expression
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Three-point functions

May have up to three Lorentz indices
(from Lorentz vectors in integrand)

Expand in “tensor coefficients”

LoopTools (Thomas Hahn)
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Three-point functions

P1

Tensor coefficients:
C = k1, Ch + ko Cs = E kinCi
D3
C,u,l/ — Q/u/coo + E kz,ukjl/cm )
1,7=1
2 2
,uz/p g/u/kzp =+ gl/p an + g,upkw>COOz =+ 2 kiukjuképcijﬁ )
1=1 1,7,6=1
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Numerical example

M1 = 125 GeV,
M, = (200, 250, 300, 350) GeV,
M3 = 400 GeV

fi (s1 =p1) vs s1/M
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Z/ZZ vertex at one loop

fZ[10°v’/e g,e,

1— 200 250

........

......
-----
.....
....
et
_____
....
ot
et
[N
----------

o
ot
.

4 6 8 10 12 14 16 18 20
s1/M§
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Qualitative features

Resonances, thresholds:
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Product of couplings:

2 2 2 _ .2
e] 6, +e3 ="

1
max ‘1% ~ (.1925

V3 _3\/§

For benchmarks studied in Basso et al, 1205.6569:

€1€2€3

— 0(0.01)

Ud
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Contributions to 5

SM background

VVV =0
VV A i~ €485
VAA :— 0
AAA i~ eppos

Furry’s Theorem

Violates P 4

Furry’s Theorem

Violates P %

No contributionto fg when Z,, Z5 are on-shell



Summary

Invariants Im Ji, Im ]2, Im |3 can be expressed
in terms of physical couplings and masses

All three neutral Higgses are “involved”

Couplings lead to a calculable CP-violating
L/ZZ coupling

It will be a challenge to measure it



Thanks for local support!



