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& EDMs

e Electric Dipole Moments (EDMs): T violation = CP violation (under CPT )

time reversal
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ldri| < 9x107%° ecm, |dn| <2.9x107%¢ ecm,

dug| <3.1x 1072 eecm,  |drho/Frno| < 8.7 x 1072 ecm,

B. C. Regan, E. D. Commins, C. J. Schmidt and D. DeMille, PRL88 (2002) 071805;

C. A. Baker et al., PRL97 (2006) 131801;
W. C. Griffith, M. D. Swallows, T. H. Loftus, M. V. Romalis, B. R. Heckel and E. N. Fortson, PRL102 (2009) 101601

J. Baron et al. [ ACME Collaboration], arXiv:1310.7534




& Why more CP violation?

e Then, who ordered "more” CP violation beyond the SM CKM phase? A. D. Sakharov,
JETP Letters 5(1967)24

CP wiolation in the SM s too weak to explain the matter dominance of the Universe J. Cline,
arXiv:hep-ph /0609145

The matter-dominated Universe did!




& Sources of CPV with Supersymmetry (Breaking)

VeokuM

VpMNs

QCD 0 term

Supersymmetric terms:
— MSSM: W D /Lﬁg'ﬁl
— NMSSM: W > ASH, - Hy + £ 5°

Soft SUSY breaking terms: ... next pages



& Sources of CPV with Supersymmetry (Breaking)

e A lot of CPV sources in soft SUSY breaking terms!:

— d, [3] Loott D (M3§§+M2WW+MlBB+hC)

_ 2
Arg (M@ £ 56)z<g [5x 3 — Onrv]:

—Loott D Q'MZ Q+ LT M2 L+ u; M2tig + dy M2 dp + e M2 2R
- AI‘g (A%d,e)i’j [3 X9 — (3 X 3)NFV]:
—Loott O +(UWs AuQHs — di AqQHy — &5 Ao LH; + h.c.)

— Arg (miy) [1]: —Lsore D —(miyH1Hs + h.c.)

- Arg(A/\,,i) (NMSSM) _»Csoft D) ()\A)\SHQHl — %KJAFGSB —|—hC)



& Sources of CPV with Supersymmetry (Breaking)

e Minimal Flavour Violation?: Elis, JSL. Pilaftsis, PRD, arXiv:0708.2079

One may define a scheme of Maximally CP-violating MSSM with Minimal Flavour
Violation, | MCPMFV | framework, with the maximal set of flavour-singlet mass

scales:

2
Mios, My

A2 _ar2 o
MQ7L7U7D7E o MQaL7U)D7E 137 Au7d’€ o Au’d’e 13

w,d’

3D 3 2 5 3D 3

133 6 = 19 Parameters |

The 19 parameters are given at the MFV scale which could be the GUT scale




& Sources of CPV with Supersymmetry (Breaking)

e Rephasing invariance?: Physical observables depend on : Arg(M; n (m3,)*) and
Arg(Ag 11 (m?5)*) M. Dugan, B. Grinstein and L. J. Hall, Nucl. Phys. B 255 (1985) 413; S. Dimopoulos and
S. Thomas, Nucl. Phys. B 465 (1996) 23

Without flavour-mixing terms, in the MSSM, one may have the following 12
physical SUSY CP phases most generally

Arg(M ), Arg(Msop), Arg(Msp);
Arg(Ac ), Arg(Aup), Arg(Arp);
Arg(Agp), Arg(Asp), Arg(Ayp);

Arg(Ay p1), Arg(Acp), Arg(A:p)

* We will take the Arg(m%Q) = 0 convention throughout this talk



& Sources of CPV with Supersymmetry (Breaking)

[ Rephasing invariance?: In the NMSSM, Kingman Cheung, Tie-Jiun Hou, JSL, Eibun Senaha,
arXiv:1006.1458 [hep-ph] [PRD82(2010)075007]; arXiv:1102.5679 [hep-ph] [PRD84(2011)015002]

One more CP Phase : ¢\ — ¢

where ¢\ = o\ +0+ ¢ ; ¢l = ¢ + 3 with 6 and ¢ defined in

— (va + ¢4 + iaq) ; o
He = (ﬂ ¢;d ) / Hu:€9<%(vu+¢3+iau)>

(2%
S = %(vs+¢%+ia5)

**% Another two rephasing invariant combinations qbg\ — quA and qbf,b + ¢4, are determined by the two CP-odd

tadpole conditions
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& Synopsis of the observable EDMs

e The CP-violating interactions: in terms of photons, gluons, quarks and leptons

O — ~
L = 200G GHe
8w M
v vV r v apuy = a
— S df " fouysf = 5dg G qouysT" g

1 ~ = Iy
+30 fane G5 M G0+ Y Crp(FA(Fins )
fif!

where § = Oqcp + Arg Det M,



& Synopsis of the observable EDMs

e The CP-violating interactions: in terms of nucleons and pions

L = Cgéivse NN
+CpeéeNivsN + Cpéee NiysTsN

—|—g7(T]2,NN7'aN7T -+ gfdz,NNNW -+ g( ) (WT“NW“ — 3NT3N7TO)
The last term, for example, takes the explicit form of

9% |V2 (o + apr™) + (pp — 7in) 70| + g%y (Bp + 7n) 7

+ g7(7]37N {\@ (ﬁmr+ + ﬁpﬂ_) — 2 (ﬁp — fﬁn) WO}



& Synopsis of the observable EDMs

e The CP-violating interactions: connections

29 MeV 220 MeV 66 MeV (1 —0.25
¢ JrC%/ﬂ:x ¢ L eV ( K)

maq ms my

CS ~ Cde

with k = (N|ms5s|N)/220 MeV ~ 0.50 4 0.25. When the 4-fermion interactions
are induced by the Higgs mediations, including the squark contributions, the last
term might be replaced with

3
(Cs)? = (0.1 GeV) e ggigggfliée
v? & Mg,

7S . P
LHif=—9y Hif(gHZ.ff +%gHJf75) f;
9 .6%5 -
g 2z S 2 195495 )
IH, 99 = 2 q=t.b {quHiqq — 132 =12 ——= ¢ with z; = 1 and =, = (1 — 0.25k)

m=



& Synopsis of the observable EDMs

e The CP-violating interactions: connections ... continued

Ce
Cp ~ —375MeV ) =4
_ Mg
q=c,s,t,b
C., C.,
Cp =~ —806MeV—= — 181 MeV » =
d q=c,s,t,b Myq
And - - i
§(0> — 04 % 10"12 (dy +d3)/9s  1{qq)|
NN ' 10—26cm (225 MeV)3”’
;D ogtd . q1g-12 (dy, — dg)/gs (29)|
InNN ! 10726cm (225 MeV)3
0.5C C, C
—8 % 1073CeV? W 1 3.35—2 4+ (1 —0.25k) =2
mgq ms mp

=(2)

The coupling g_—5 pr S irrelevant in most cases.



& Synopsis of the observable EDMs

e [hallium EDM;I.B. Khriplovich and S.K. Lamoreaux, CP Violation Without Strangeness (Springer, New York,
1997); M. Pospelov and A. Ritz, Annals Phys. 318 (2005) 119,[arXiv:hep-ph/0504231]

dri[ecm] = —585-dF[ecm] — 8.5 x 107 [ecm] - (CgTeV?) + ---

—585 {d” [ecm] + 1.45 x 10! [ecm] - (Cs TeV?)} +

e Thorium monoxide EDM;V.A. Dzuba, V.V. Flambaum, C. Harabati, Phys. Rev. A 84, 052108 (2011)

drho [ecm| = Frpo {deE l[ecm] + 1.6 X 1021 lecm] - (Cg TeV2)} 4.

*** Neglecting C'g and - - -,

25

|ld1] < 9 X 10 “ ecm — 21

d¥| <1.5x107%" ecm

29

ldho/Frhol < 8.7 X 10 7 ecm — 29

df < 8.7x10 " ecm




& Synopsis of the observable EDMs

e Neutron EDM [Chll’al Quark Model (CQM)],A Manohar and H. Georgi, Nucl. Phys. B 234 (1984)
189; R. Arnowitt, J. L. Lopez and D. V. Nanopoulos, Phys. Rev. D 42 (1990) 2423; R. Arnowitt, M. J. Duff and
K. S. Stelle, Phys. Rev. D 43 (1991) 3085; T. Ibrahim and P. Nath, Phys. Rev. D 57 (1998) 478 [Erratum-ibid. D 58
(1998 ERRAT,D60,079903.1999 ERRAT,D60,119901.1999) 019901] [arXiv:hep-ph/9708456]

4 1
d'n _ dNDA = dNDA
3 3¢
NDA _  _E E c ¢ ¢ GBA G
dq:u,d = 7N dq + n 4 d + n A d

where n¥ ~ 1.53, n® ~ 3.4, n® ~ 0.45 — 3.4 depending on models. Dekens, deVries,
JHEP 1305 (2013) 149 arXiv:1303.3156 And the chiral symmetry breaking scale A ~ 1.19

GeV.



& Synopsis of the observable EDMs

e Neutron EDM [Parton Quark Model (PQM)];J. R. Ellis and R. A. Flores, Phys. Lett. B 377 (1996)
83, [arXiv:hep-ph/9602211]

d, =nP (ALl + APM gl | APOM gBy |

with
ATM — 0746, APRM = _0508,  APOM — _(.226

The isospin symmetry between the neutron n and the proton p implies that Ay = (Ay)p = 4/3, Ay = (Ag)p =
—1/3. Furthermore, in the relativistic Naive Quark Model (NQM), one has Ay = (Ag)p = 0.



& Synopsis of the observable EDMs

e Neutron EDM [QCD sum rule techniques (QCD)];M. Pospelov and A. Ritz, Phys. Rev. Lett. 83
(1999) 2526, [arXiv:hep-ph/9904483]; M. Pospelov and A. Ritz, Nucl. Phys. B 573 (2000) 177, [arXiv:hep-ph/9908508];
M. Pospelov and A. Ritz, Phys. Rev. D 63 (2001) 073015, [arXiv:hep-ph/0010037]; D. A. Demir, M. Pospelov and
A. Ritz, Phys. Rev. D 67 (2003) 015007, [arXiv:hep-ph/0208257]; D. A. Demir, O. Lebedev, K. A. Olive, M. Pospelov
and A. Ritz, Nucl. Phys. B 680 (2004) 339, [arXiv:hep-ph/0311314]; K. A. Olive, M. Pospelov, A. Ritz and Y. Santoso,
Phys. Rev. D 72 (2005) 075001, [arXiv:hep-ph/0506106]

dy = dp(dl,dS) + dn(d€) + dn(Cha) + -+,

dn(df ,dS) = (1.4+0.6)(dF —0.25dF) + (1.1£0.5)e(dS +0.5d5)/gs
do(d9) ~ £e(20410) MeVdC,
C C
dn(Cpg) ~ £€2.6 x 1072 GeV? [ﬂ n 0.75ﬂ]
my my

where d“ = d“(1 GeV) ~ (n“/0.4) d“(EW)



& Synopsis of the observable EDMs

e Mercury EDM;D. A. Demir, O. Lebedev, K. A. Olive, M. Pospelov and A. Ritz, Nucl. Phys. B 680 (2004)
339, [arXiv:hep-ph/0311314]; K. A. Olive, M. Pospelov, A. Ritz and Y. Santoso, Phys. Rev. D 72 (2005) 075001,

[arXiv:hep-ph/0506106]

gAY g LILILIVIGY 107208 4 (3.5 x 1073GeV) e C

Hg Hg
Z —N
+ (4x107* GeV)e Cp—|—< ) Ch
A )y,
I,I1,I01,1V _ _
where dg, S| denotes the Mercury EDM induced by the Schiff moment

taking account of the theoretical uncertainties.



& Synopsis of the observable EDMs

e Mercury EDM ... continued: We take account of the uncertainties in the
calculation of the Schiff-moment induced Mercury EDM: [13] V. F. Dmitriev and R. A.
Senkov, Phys. Atom. Nucl. 66, 1940 (2003) [Yad. Fiz. 66, 1988 (2003)]; [16] J. H. de Jesus and J. Engel, Phys. Rev.
C 72 (2005) 045503; [12] S. Ban, J. Dobaczewski, J. Engel and A. Shukla, arXiv:1003.2598 [nucl-th]

Atom | Ref. Interaction —ag —a a2 —b
[13] — 0.0004 0.055 0.009 —

[16] SkO’ 0.010  0.074 0018 —
(average) 0.007 0.071 0.018 —

199} [12] SLy4 (HF) 0.013  —0.006 0.022 0.003
SIN (HF) 0.012  0.005 0.016 0.004

SV (HF) 0.009 —0.0001 0.016 0.002

SLy4 (HFB) 0.013 —0.006 0.024 0.007

SkM* (HFB) ~ 0.041  —0.027 0.069 0.013

S = (agp+b) ngNgfr%N + a3 ngN?]gzN + (a2 —b) ngNggjsz



& Synopsis of the observable EDMs

e Mercury EDM ... continued: Taking values from | Pospelov and Ritz, Annals
Phys. 318 (2005) 119, Il Ref.[13], Il average of Ref.[16], and IV SIII(HF) of
Ref.[12] J. Eliis, JSL, and A. Pilaftsis, JHEP 1102 (2011) 045, arXiv:1101.3529 [hep-ph]

dII{g:S: ~ 1.8 x 103 e g\ NN /GeV ,
di,[S] ~ 7.6x10" 665\ /GeV +1.0 x 103 egt)  /GeV,
dII{IgI:S: ~ 1.3 x 10~ egWNN/GeV—l—lélxlO eq NN/GeV
digy[S] ~ 3.1x10° tegl%  /GeV + 9.5 x 105 egt) . /GeV



& Synopsis of the observable EDMs

e Deuteron EDM: 0. Lebedev, K. A. Olive, M. Pospelov and A. Ritz, Phys. Rev. D 70 (2004) 016003, [arXiv:hep-
ph/0402023]
(1)

dp = dD@m+4%)—(L3i03y¥ggyi:eQOiJQ)M§VdG

dp(d, + d,)

2

(0.5 +0.3)(dF + df)

—(0.6 £0.3) e [(dS — dS)/gs +0.3(d5 + dT)/gs)]

The projective sensitivity: Y. K. Semertzidis et al. [EDM Collaboration], AIP Conf. Proc. 698 (2004)
200, [arXiv:hep-ex/0308063]; Y. F. Orlov, W. M. Morse and Y. K. Semertzidis, Phys. Rev. Lett. 96 (2006) 214802,
[arXiv:hep-ex/0605022]; and also see http://www.bnl.gov/edm/deuteron_proposal_080423_final.pdf

ldp| < 3x 10727 —10"% ecm

For our numerical study, we take 3 x 10727 ecm as a representative expected value



& Synopsis of the observable EDMs

e Radium EDM: J. Eliis, JSL, and A. Pilaftsis, JHEP 1102 (2011) 045, arXiv:1101.3529 [hep-ph]

dRra = dra[S] ~ —8.7 x 1072 egﬂNN/GeV%—B 5x 10~ egWNN/GeV

The projective one—day sensitivity: L. Willmann, K. Jungmann, H. W. Wilschut, “Searches for permanent

electric dipole moments in Radium Isotopes”, Letter of Intent to the ISOLDE and Neutron Time-of-Flight Experiments

Committee for experiments with HIE-ISOLDE, CERN-INTC-2010-049 / INTC-I-115

[dral ~ 1 x 107%7 ecm



& Synopsis of the observable EDMs

e CP-violating QCD 6#-term: 0. Lebedev, K. A. Olive, M. Pospelov and A. Ritz, Phys. Rev. D 70 (2004)
016003, [arXiv:hep-ph/0402023]; M. Pospelov and A. Ritz, Annals Phys. 318 (2005) 119, [arXiv:hep-ph/0504231]; J.
Ellis, JSL, and A. Pilaftsis, arXiv:1006.3087 [hep-ph] | he QCD 6-term contributes to the neutron,
Deuteron, Mercury and Radium EDMs:

do(0) ~ 25x107%fe-cm,
dp(@) ~ —9.7x107"fHe-cm,
d}II:gII ,HI,IV(H—) ~ (Céén HLIV o 19-3 GeV_l) eéff&N(@) |
dra(@) ~ (3.5x1071GeV Y egt)  (6)

where Cyy, = 1.8, Oy, = 1.0, Oy = 1.4 and Cfy = 9.5 x 1072, and

g () ~ 1.1x10730



& So, it seems ...

The task 1s to find the expressions of:
¢ G
dE, dq, d y and Cff/

in terms of the model parameters



& But ...

e SUSY parameters — 6, dfc’j, qu, d¢ C'sprat SUSY scale

¢ 0 d?, dqc, d¢ Crprat 1 GeV: QCD, anomalous dimension matrix,
operator mixing

o Cs, Cp, Cp, 97(2371\7' gfrljz,N, 97(721271\7: Nuclear physics

® d11, dTho, dn, dHg, dp, dra: More Nuclear physics, Atomic physics,

Very complicated ...



& EDMs in the MSSM : One-loop EDMs (1/5)

e Generically, the y-mediated one-loop f EDM is given by See, for example, T. Ibrahim and
P. Nath,Rev. Mod. Phys. 80 (2008) 577,[arXiv:0705.2008 [hep-ph]]; S. Abel, S. Khalil and O. Lebedev,Nucl. Phys. B
606 (2001) 151, [arXiv:hep-ph/0103320] (x = X", e . )

= ) Lixa = —eQy (Xyux)A"
f.f . Fre 2 1AM
IR [’f’f’A — —zeQ];:,f 0, A
£l Nf Lgp = 97 GaPLD T
- i 1 b =
—— X ——— + gi%];; (X:Prf) [;* + h.c.
e e
di\" m PN
“r _ X X X 2 2 i 2 2
A = 5t (B-r+3r) . B() = gt (14 + 3E)



& EDMs in the MSSM : One-loop EDMs (2/5)

e Explicitly, the chargino-mediated one-loop EDMs of charged leptons and quarks:

dE X 1 m)z:lz ~:|: ~ ~:|: =
l _ 7 X ok x—Ilv 2 2
<?> = 1672 Z m%l %m[(ng' ) 91, ] Q>~<— A(m;(;l:/mﬁl)
X m_+
dy; 1 X; sTudvx  xFud 2 2 2 2
’ J
X m_+
dy 1 X stdax xtda 2 2 2 2
(?) = 1672 ZZJ: m% gm[(QRi]’ ) 9T ij ] [Qfé_ A(m&i/maj) + QﬂB(mxil:/mﬁj)]
’ J
where Q)Zi ==+1, Qg =2/3, Q; = —1/3, and
4 R
l [
9%2‘ o= —9(CR)i1 géi Y= h'zk<CL)i29
- ; ; ot ;
d d d d d
gﬁiju = —9(C)AWUN1; + ha(CL)ia(UY)3, Qﬁij"u = hy,(CR)2(UNY;,
stda C iV o Ay vtda _ W (O [y
915 = —9CR)aU )1+ hu(Cr)i2(U )25, 9 = ha(CL)ie(U7)y;



& EDMs in the MSSM : One-loop EDMs (3/5)

The neutralino-mediated one-loop EDMs of charged leptons and quarks:

-0

d : )
f _ 2 : Xz Lffve PFR o 2 2
( e ) - 167‘(‘2 ' 2 (ng ) g%z’j ]Qf B<m>~<9/mfj)
f

)

with f = [, u, d. The neutralino-fermion-sfermion couplings are

- * F o

gfe;f = —VagT| Ny - Vagtw (Qf — THNA WY - N3,
U F* * N

Qﬁz“};f = V2giw Qg Nz’l(Uf)2j - thz'a(Uf)U

where the Higgsino index « = 3 (f = 1,d) or 4 (f = u)

The gluino—mediated one-loop EDMs of quarks:

qu |M3| gqq * gqq 2 2
— ] =33 Z—om 9751 QaB(IM5]"/mg,)

e
]

gs —i®a/2,,G\% Js  4i®a/2, Gk
geq _ _9s —iPg/ (Uq)lj’ 9qq __ 4 I8 ot 3/ (Uq)2j

i T TSR Ri T T4



& EDMs in the MSSM : One-loop EDMs (4/5)

e The chargino-, neutralino-, and gluino-mediated one-loop CEDMs of quarks:

-+ m_+

C\ X L ds X; iud
(dU) T 1672 Z m2 Sml(gg;)" 9 Lz] ]B(m /m J),
i) :
j
+ m _+
c\ X gs X v Fda j:
(dd) - 1672 Z mgZ gm[(g;%ij u>* sz ]B(m X; /m J)
i) j
) m_g
C X _ Js Xi WVaigyx Vqa
(dicua)” = ooz 2o oz Smllog o5 Bmie/mi)
C 7 | 3| 2, 2
(dgmn.a)? = 871'2 Z Sm]| (ggqq *Q%qjq] C'(| M3 /mqj)

J

where C(r) = 7 (10r — 26 4 Zlar — 18I0y wieh C(1) = 19/18

r



& EDMs in the MSSM : One-loop EDMs (5/5)

e Complex Yukawa couplings; effects of @3 via resummed non-holomorphic threshold
corrections:

\/imu 1 ﬂmc 1
hu — ) hc — )
VS 1—|—Au/tﬁ VS 1—|—Ac/tﬁ
V2my 1 V2mi 1
he = L he =
veg 1+ Adt5 veg 1+ Astg
where
200 % % g 2 2 2 20 * N * 2 2 2
200 % T 2 2 2 20 * N [k 2 2 2
Ad — 31 M M3 ](MﬁlaMéla |M3| )7 AS — 37 M M3 ](MB27MQ27 |M3| )

where I(x,y, z) = H-RELTELS MU Sz e




& EDMs in the MSSM : Higher-order Contributions (1/4)

e \Weinberg operator;s. Weinberg,Phys. Rev. Lett. 63 (1989) 2333; J. Dai, H. Dykstra, R. G. Leigh, S. Paban
and D. Dicus,Phys. Lett. B 237 (1990) 216 [Erratum-ibid. B 242 (1990) 547]; D. A. Dicus,Phys. Rev. D 41 (1990)
999

1 1 “b Ly e
»CWeinberg — _édeachZprpu Gg\a eluy)\a:gdeachg,uGb“ G I/p

where



& EDMs in the MSSM : Higher-order Contributions (2/4)

o Higgs-mediated Four-fermion interactions; which are one-loop contributions formally but independent

of the first two generations.

R

f f

L = ) CrplFH([irsf")
fif
where

g2 . gt -
H H;ff2H;ff
(Ce)™ = grgp > 5
- M,

1

Lpsr=—gfH; f(gliff + iggiff%) f



& EDMs in the MSSM : Higher-order Contributions (3/4)

e Two-loop Barr-Zee EDMs; D. Chang, W. Y. Keung and A. Pilaftsis,Phys. Rev. Lett. 82 (1999) 900
[Erratum-ibid. 83 (1999) 3972], [arXiv:hep-ph/9811202]; A. Pilaftsis, Nucl. Phys. B 644 (2002) 263, [arXiv:hep-
ph/0207277]; J. R. Ellis, JSL and A. Pilaftsis, Phys. Rev. D 72 (2005) 095006 [arXiv:hep-ph/0507046]




& EDMs in the MSSM : Higher-order Contributions (3/4)

e Two-loop Barr-Zee EDMs; continued ...

Also included are the diagrams mediated by the the v-H*-W ¥, ~-W*-W T, and
v-H-Z couplings: Kingman Cheung, Otto C.W. Kong, JSL, JHEP 0906 (2009) 020 [arXiv:0904.4352
[hep-ph]]; J. R. Ellis, JSL and A. Pilaftsis, JHEP 1010 (2010) 049 [arXiv:1006.3087 [hep-ph]]; Kingman Cheung,
Tie-Jiun Hou, JSL, Eibun Senaha, arXiv:1102.5679 [hep-ph] [PRD84(2011)015002]

BZ Y wtg* wFw* ZHY
(df) "= (df)" + (df) + (df) + (df)



& EDMs in the MSSM : Higher-order Contributions (4/4)

e The gluon-gluon-Higgs contribution to Cg, Lo, = Cg étyse NN;

-, H, 1,
m@m BTTT rosToD v A f)[;
g g g *»;’, g TOOXVOO

t? b f’ b g g
3 S P
mMe gH-gggH-ée
(Cs)9 = (0.1GeV) e 997 H,
U2 =1 MI2{’L

9 .6%G .
gy =3 ﬂgs o ﬁz Hid;4;
H;gg q=t,b 3 9H;qq — 12 Zj=12" 2
15




& Ready?

e Ready for the numerical estimations?: The Thallium, neutron, Mercury and
deuteron EDMs are implemented In CPSUpGI‘HQ.B ; Thorium monoxide not includeded, yet

Welcome to CPsuperH home - Chrome EMEEf = )

# Welcome to CPsuper’ x YWl

[ www.hep.man.ac.uk/u/jslee/CPsuperH.htm s

# oomaal [ HHBREH|-4AAI7 | JSLSpires | INSPIRE #¢ Francesca L Mathsonline [ CPC - RealBob @ S12013 & Apostolos Ed SUSY<ATLAS> A susy<cms> [ Google »

CPsuperH

a Computational Tool for Higgs Phenomenology
in the MSSM with Explict CP Violation

L'l ¥

s

(¥

lae Sik Lee, Apostolos Pilaftsis, Marcela Carena, Seong Youl Choi, Manuel Drees, John Ellis, and Carlos Wagner

(1) The version 2.0 released [14/Dec/2007] {arXiv/0712.2360)
(2) Thallium, neutron, Mercury and deuteron EDMs implemented [13/Aug/2008] (arXiv/0808 1819)
(3) Muon EDM and MDM implemented [28/Apr/2009] (arXiv/0904 4352)
(4) The version 2.1 released [29/5ep/2009]
(5) The version 2.2 released [17/Jun/2010]
(6) The version 2.3 released [13/Aug/2012] (arXiv/1208.2212) : H->Z gamma and SM BRs included [23/0ct/2012]
\When you are using CPsuperH2.3, please also cite Comput. Phys. Commun. 156 (2004) 283, (hep-ph/0307377)
and

Comput. Phys. Commun. 180 (2009) 312, (arXiv:0712.2360Q)

[1] This is a tarred and gzipped file for the 2nd version of the Fortran code CPsuperH2.3. Typing tar -xvzf CPsuperH2 .3 tgz will create a

directory called CPsuperH2.3 containing files : OLIST, ARRAY, COMMON, cpsuperh? f, fillinit? f, fillcpsuperh? f, aurunf fillpara2 f,

fillhiggs2 £, fillcoupl? f, fillgpambr2.f, filldhpgf, fillbobst, filledmsf, fillmuonf, fillcollf, fillslha2 f, makelib, compit, and run. To
o e run the code CPsuperH2.3, type ./makelib --) .fcompit --> .frun.
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& Question

(QUESTION

Non-observation of EDMs necessarily
implies small CP phases ¢



& EDM Constraints on CP phases (lllustration of Cancellation)

e CPX scenario:

Fixed :
MQ3 - M(73 - M[?3 - Mf/S — ME?) = Msusy ,
p| =4 Msusy, |Aipr| =2Msusy, |[Ms|=1 TeV
M2| = 2|M1| =100 GeV ,My+ =300 GeV, Msysy = 0.5 TeV

Acl = [Az], |Auc| = [Ae], [Aa,s| = |Ab]
D, =0y =Dy, =Dy, =Dy, =Dy, =Dy, =0°

Varying :
tanﬁ; (I)At,bv (I)37 (1)17 (1)27 P

where the p parameter is defined as: M;Q , = ,0]\45(3 with X =Q,U,D, L. FE



& EDM Constraints on CP phases (lllustration of Cancellation)

e Thallium EDM: CPX with ® 4 = ®3 = 90° as functions of p;

— 103
o - tanp=5 ®, = ®,=90°
LIJ [
T 10°-
~ B
e o
T 10 = Py, D) = £0_2_7(3 )_

Rora

W(90% 0% ii (0% 90°)

10 1 1 .:‘-\ 1 L1l ‘
10

[EY

tanB=5 @, =D, =90°

(P, P,)=(0°90°

|cE[[ecm)

=
o

\\HHH‘ T TTIT
o

T T TTTIIT T TTaT
\ \

“tanB=50  ®, = b, =90°
L N
1 10

p

anB=50  d, =D, =90°

(9,,9,)=(°90)

10

P

When  (®1,®3) = (0°,0°),
the one-loop contribtions to
dry vanish and it becomes

independent of p
As p T; 'decrease’ — 'dip’ — 'flat’

'decrease’:
contribution

suppressed one-loop

'dip’: cancellation between one-
and two-loop contributions

'flat’:  two-loop (higher-order)
contribution dominates




& EDM Constraints on CP phases (lllustration of Cancellation)

e Thallium EDM: CPX with ® 4 = ®3 = 90° as functions of p;

|dE[[ecm]

E tanf3=5

¢, =d,=90°

(d,,P,)=(0°90°

— When  (®,,®3) = (0°,0°),

the one-loop contribtions to
dry vanish and it becomes
independent of p

As p T; 'decrease’ — 'dip’ — 'flat’

'decrease’: suppressed one-loop
contribution

'dip’: cancellation between one-
and two-loop contributions

'flat’:  two-loop (higher-order)
contribution dominates




& EDM Constraints on CP phases (lllustration of Cancellation)

e Thorium monoxide EDM: |d¥| <8.7 x 1072? e cm functions of p;

£ o

o | k=S Pp=®;=90" | — Sensitive to p > 20 or m,;, < 10 TeV
eS| (®,,d,)=(0°, 90°)

= 3 v — EDM can probe SUSY effects (far)

beyond 10 TeV !l




& EDM Constraints on CP phases (lllustration of Cancellation)

e Neutron EDM (CQM and QCD): CPX with ®4 = &3 = 90° as functions of p;

| d_com) / d¥F |

| d_(@cp) / d¥*F |

=
o

=
o

=
o

[N

=
o

=
o

=
o

=
o

[N

=
o

*e T 103
- tanP=5 P, =0, =90 & “tanf=50 @, =, =90°
- (@), ®,)=(0°90°) WS 4@, @,)=(0" 90)
2: ___________ G ____________________________________________ ~ 102 ......................... N N TP
s
S 0L
2
©
£ - 1
gl 10 1 Ll
1 10 1 10
P P
i o P o, , ®,) = (0°, 90°)
- tanB=5 ®, =, =90° | X —{(9 2)—(dé
i i ~oooud
2L N (®,,0,)=(0"90° B 12 g,
PPN N PP :D; fdG -----------------------------------------------
- N\ - (@4 10 =
O “tanB=50
2 — 1L Gy N
i "D, = Dy =90°
! 107" ! \
1 10 1 10

cancellation between
dn(dF)[CQM] /  dn(d3)[QCD]
and d,,(d%)

‘flat’: d and (d7©)B?

tan 8 = 5: CQM dip around p =
2 and QCD dip around p =4

+50% d,(d“) uncertainty: no
cancellation and/or dip position
op ~ *1

more significant d,(d%) in CQM
— more sensitive to P,




& EDM Constraints on CP phases (lllustration of Cancellation)

e Neutron EDM (CQM and QCD): CPX with ®4 = &3 = 90° as functions of p;

| d_com) / d¥F |

=
o

10 -

tanf3=5

N
T

P, =d, =90

(P, d,)=(0°90°

— cancellation between
dn(d)[CQM] /  dyn(dS)[QCD]
and d,,(d%)

— 'flat’: d and (d"©)B?

— tan 8 = 5: CQM dip around p =
2 and QCD dip around p =4

— 4+50% d,(d“) uncertainty: no
cancellation and/or dip position
op ~ *1

— more significant d,(d%) in CQM
— more sensitive to P,




& EDM Constraints on CP phases (lllustration of Cancellation)

e Neutron EDM (PQM): CPX with ®4 = &3 = 90° as functions of p;

|d_Powm) / d5¥P |

=
o
w

=
o
N

=
o

[N

_ tanp=5 P, =d, =90
N (@, @) =(0°, 2707
[ I ‘
1 10

P
L (@, 0,)=(0270)
; g P, =D, = 90°
: " tanp=5
3 X
L . N
1 10

|d_Powm) / d5¥P |

10°

10%=

10

[N

TTT

« (@, ®,) =(0°, 270°)

P, =P, =90

Y
Sy, @,) = (0°, 2709)
: S ®, = 0y = 90°
§ tanB=50 -

d,, ~ d,(d¥)

cancellation

between

the two

dominant one-loop EDMs

o .
large (dY)X” — sensitive to @5




& EDM Constraints on CP phases (lllustration of Cancellation)

e Neutron EDM (PQM): CPX with ®4 = &3 = 90° as functions of p;

= dp ~ dn(dsE)

§ (&, ®,)=(0% 270°
— i - i

tanB=5 — cancellation between the two

dominant one-loop EDMs

o .
— large (d¥)X" — sensitive to @

-25
10

-26 N R ‘
10 1 1 1 - 1 1 1 1 1




& EDM Constraints on CP phases (lllustration of Cancellation)

e Mercury EDM: CPX with ® 4 = &3 = 90° as functions of p;

10° — dominance of dyg(d§) — no

tanB=5 P, =P, =90 -
sensitive to ®; o

|

— no cancellation between (ddc)g
o and (d$)P*
tanB:SO CDA = ¢3 =90

-1 ‘
1 | I I

: ° ) . ° 0 — 'flat’: (dg)BZ

\\HHH‘ \\HHH‘ \HH/H 1T

-28 ‘\\
T ~

1 10




& EDM Constraints on CP phases (lllustration of Cancellation)

e Mercury EDM: CPX with ® 4 = &3 = 90° as functions of p;

E1w0” - tanp=5

10

10

10

-26

-27

— dominance of dyg(d§) — no
q)A:cDS:gOO sensitive to (I)l,Q

— no cancellation between (d$)?
and (d$)B%, but with ®3 = —90°

) — 'flat’: (d§)B%

L L L
1 2 3 4 5 6 7 8 910 20
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10

& EDM Constraints on CP phases (lllustration of ancellation)

e Thallium, neutron(QCD), and Mercury EDMs: CPX with ®; = 0°, &5 = 90°, D4 =
®3 = 90° as functions of p when tan g = 5;

-24

-25

-26

-27

-28

(P, , P,) = (0% 90

=

(P, ,P,) = (0°, 90°)

Tl

HHHH‘ 1]
0’
.

=
=
0o

g((Dl,CDz):(OO, 90°)
i L
1 10

')
(P, , P,) = (0° 90

=

-23

-25

-26

-27

-28

(P, , P,) = (0°% 90°

/

1 10

=( P, , P,) = (0° 907
% H°

. .0
— X_ '."‘
B [ | \& >

1 10

P

— p~4and
$s3 = —90° 7




& EDM Constraints on CP phases (lllustration of Cancellation)

e Deuteron EDM: CPX with ® 4 = &3 = 90° as functions of p;

tanf3=5

P, =d, =90

[EY

10

=
o
N

\HHH‘ HHHH‘ \\HHH‘ T HH\‘ \\HH‘ T T

'
=
T

tanp=>5

(9. ®,)

®, = b, =90°
= (0°, 90°)
(e}

\,;d,quﬂwi,,,,

[N

étanﬁ=5o ®, =P, =90

P
(®,,d,)=(0° 907
%’tanszso P, =P, =90
1 | T ‘1‘0

P

— no sensitive to @1

— Very sensitive even to the higher-
order corrections

— 300 times more sensitive if the
projective 1072¢ ¢m achieved
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& EDM Constraints on CP phases (Geometric approach)

e A scan method: J. R. Ellis, JSL and A. Pilaftsis, JHEP 0810 (2008) 049 [arXiv:0808.1819 [hep-ph]]

e 3
o 1 — 250
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w —
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=~ 150
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10 0
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é_' 350
I
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[ 200
10 & :
£ 150
1k o 100
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w0l \ A 0
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& EDM Constraints on CP phases (Geometric approach)

e A scan method is like “shooting in the dark” ...

blind,

time consuming,

no gquiding principle, etc

Any analytic, exact, and more effective method?

—> | A Geometric Approach |to CP violation




& EDM Constraints on CP phases (Geometric approach)

e A LINEAR APPROXIMATION: We consider the case with N CP-violating phases

In the N-dimensional CP-phase space, we define
N—D phase vector ® = (O, Py, -+, Py)

and then any CP-odd observable O and any EDM E' can be expanded as
O=®-0+---; E=P - E+---

Formally, we define

O =VO; E=VE

with V = (0/0¢1,0/0¢2,---,0/00N)



& EDM Constraints on CP phases (Geometric approach)

e [Simple 3D example] with 3 CP phases and 1 EDM constraint: EDM-free subspace
and Optimal direction in the linear approximation

EDM vector An Observable vector

o= FE x (O x E)

\/

An Optimal direction

CP-phase space ‘

Subspace of EDM-free directions




& EDM Constraints on CP phases (Geometric approach)

THE HIGHER-DIMENSIONAL GENERALIZATION | with

N cpP phases and 70 EDM constraints

The [V -dimensional vector of the optimal direction

(1) (n)
E51“'E5 B

>I< —
¢ o Ea n = Y1 YN_p—1

BL BV VN —m 1

where (N-n-1)-dimensional B form is

(1) (n)
BVl"'VN—n—l o 671---’VN_n_lcfﬂr--BnO"Eﬂl o bug,
The maximum allowed value of O is: Omax — (¢*)max b~ . O with the

normalized optimal-direction vector ®* and ®™ which may be practically determined by the validity of the small-phase

approximation of the EDMs.



& EDM Constraints on CP phases (Geometric approach)

e How good 1s the linear approrimation?  The quadratic fit to the Thallium EDM that is used
to obtain the 6D vector E Tl = V(dTl/d%XP) in an expansion around $o = 0° for the MCPMFV scenario:
2 2 v Ry By By By 2
|M123] = 250 GeV,Mp, = Mp, = Mg = Mg = Mp = Mj = Mg, = (100 GeV)?, |Ay| =
|Ag4| = |Ae| = 100 GeV , and tan 8 = 40.

o a o
ﬁ = - I ﬁ = F N E = 04 G
S 100 P LATS 50 B . I B
_cl: C _cl: 250 ; 'C5|: 0.2 :—
0 0~ 0 —
T 250 02
100 500 - -
SN R 500 I B 04 oo L Y
-10 0 10 -10 0 10 -10 0 10
@, [°] @,[°] ®,[°]
o a o
= T S N TR N - K tsbe—
T 001 [ 5 el o 020 s cEels 1B PR
< B <& B <4 05 %
0 | 0o 0 -
N f 05
-0.01 — - | 4 E
i IR RN R 0.2 Loeovoc b 1 IR B R R R
-10 0 10 -10 0 10 -10 0 10

®p, [°] ®pg[°] P[]



& EDM Constraints on CP phases (Geometric approach)

o A demonstration of the geometric approach

Observable = dgr, and EDMs =dry, dy, dug

taking the scenario
uw123‘22350 GEVU
My, =My, = Mg = Mg = Mp = Mj = Mg = (100 GeV)?,
|Ay| = |Ag| = |Ae] = 100 GeV,

at the GUT scale, varying tan 8 (Mgsysy) and the following six MCPMFV CP
phases at the GUT scale:

@1F]7 ¢2P]7 @3F]7 ®Aur]7 ®AdF]7 ®Aer]

with and without the QCD term =0 x 100



& EDM Constraints on CP phases (Geometric approach)

o O[dra/10"?"ecm] and {E[dri/d5<T), Eldn/dEXT), Eldg, " /dEXT]}

EXT
Tl

|E,|[df/d

m 8 m 8
m ®, @ ®, M (& —-=-=10, —-—=10,, ——-1®, m o, M o, MM (& —-==1®, ——=1dP —=—=-1D,
ar—
2] X = o r
10 E LLLO 10 E E
E ~ E E
10 L § 10 b L
3 o
E — E E
1 L S 1L L L
— 8 2 7
10 e w ol TE L
- af | | | af | | |
10 10 10

e
(]
)
~
N
o
—
~
©
o
L E gl
e
2F O
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& EDM Constraints on CP phases (Geometric approach)

A A

o O* with (left) and without (right) 6:

m 18] .
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& EDM Constraints on CP phases (Geometric approach)

The Thallium, neutron, I\/Iercury EDMs along the Radium-EDM optimal direction
with (left) and without (right) 6: (¢*)™*

m :TI ----:n(QCD) [ Hg m :TI -—---:n(QCD) [ Hg
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& EDM Constraints on CP phases (Geometric approach)

The predictions for the Radium EDM along its optimal direction with (left) and
without (right) 6: comparisons to those along the two arbitrary directions

M :dgdir. —---:®,,=0dir. I ®,,=0dir. M :dg,dir. —---:®,, =6=0dir. [T ®,,=6=0dir.
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& EDM Constraints on CP phases (Geometric approach)

A

The CP phases with (left) and without (right) 6:
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& Summary and Future Prospects

Theoretical calculation of EDMs requires expertise in various fields of Physics and
suffers from large uncertainties

A geometric method has been developed to predict the maximal size of any
CP-violating observable while satisfying all the EDM constraints

The large/medium CP phases might still be allowed while satisfying the current
EDM constraints

EDMs can probe SUSY beyond 10 TeV

We eagerly anticipate signals of CP violation in (near) future EDM experiments
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& NMSSM Higgs Sector |

e Superpotential:

WaMssM = ﬁchu@ﬁu + ﬁchdﬁd@ + Echeﬁdi + )\gﬁuﬁd + %S\S

e Higgs potential at the tree level:

Vo=Vr+ VD + Veort

Ve = \?|IS|2(H!Hg+ HIH,) + |\H,Hy + rS??,
2 2 2
Vo = B mm, - Him,)? + L) (1),
1
Voot = m%{deZHd + m%{uHiHu + mg|S|* + ()\AASHqu — 5/@4,{53 + h.c.)

Kingman Cheung, Tie-Jiun Hou, JSL, Eibun Senaha, arXiv:1006.1458 [hep-ph] [PRD82(2010)075007];
arXiv:1102.5679 [hep-ph] [PRD84(2011)015002]



& NMSSM Higgs Sector |

e Components fields and VEVs:

H; = (%(vdtﬁngiad)) ; Hu:€i8< Doy )
d

el¥ 0 .
S = (vs + @5 + tag)

V2

The next step is to minimize the Higgs potential V| by inserting the above
component fields and VEVs which may give F1V L tadpole conditions; three
CP-even and two CP-odd ones



& NMSSM Higgs Sector |

Tadpole conditions: R = |A||k| cos(¢), — ¢).) and I = |A||x| sin(¢), — ¢;.) with

IN=0a+0+¢; ¢ = dp+ 3¢

(u"‘ S)—ER

2 2 2
A% 2 95 +91, 2 2 ’UUUS ‘)\‘
vg @> R R T A 2 s
d
6V0> 9 g%+g%( 2 2) Ry US| |>\|
_ — frd m — vy — v -
vy 3¢% Hu 8 ¢ h o
1,9V A
1 ,0V) B L ,0Vy\ 192
1,0V,
_< O> = I}\vdvu—z’l}d’l}u—f—l/{vs:o
vg \dag vg
N Ay | / k|| Ak|
R = ——= cos + , Rk =
RN / k|| Ak| /
Iy = —=2si I, = '
A NG sm(¢>\—|—¢A>\), K NG Sln(¢m+¢A,{)a

Three CP Phases (still...) : ¢\ — @5 O\ +da, ; ¢+ da,

(d+,@——R

2
+ (vd+v3)+]/~£|2v%—7€vdvu—RKUS =0

os()s + b A,.)

=0

=0




& NMSSM Higgs Sector |

e Tadpole conditions ... continued:

— The first three CP-even conditions may allows us to reexpress the three soft

masses m7; , m4, , and m% in terms of other parameters
d U

— The remaining two CP-odd conditions determine the two CP phases ¢ + dA,
and ¢/ + ¢4, up to a two-fold ambiguity

AAN 1
I, — _ 27
A \/5 SlH(QbA + ¢A)\) 9 vs,

k||Ag| . , 3 VqUy
I, = sin(¢,, + ¢a,.) ==1
\/i (¢ qu ) 9 Vs

— Therefore, the only rephasing invariant physical CP phase at the tree level is

— N.B. No tree-level CP violation in the MSSM Higgs sector



& Synopsis of EDMs in the NMSSM

e What's different from the MSSM?
— Neutral Higgs sector: 3 states (MSSM) — 5 states (NMSSM)

— Neutralino sector: 4 states (MSSM) — 5 states (NMSSM):

/Ml 0 _MZCBSW MZSBSW 0 \
M2 MZCBCW —Mzsﬁcw 0
g igh  _Mvsg il
My = 0 /3 € —|>\\|/§ e
B veg ng’}\
0 3 © /
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Diagonalization: N* My NT = diag (m%?, M0, M0, Mo, m%g) with the mixing

matrix N, (B,W° HY, Hy), S)L = N (Y X5, X9 X4 X2)7

1

— Basically, one additional physical CP phase (¢ — ¢..)

QUESTION: What's the EDM constraint on (¢ — ¢,.) 7




& EDM constraints on ¢’

e Taking the EWBG-motivated scenario with |[A\| = 0.81, || = 0.08, |A\| = 575

GeV, and |A,;| = 110 GeV (our convention: ¢, = 0 and Mgusy=1 TeV by
default):
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e As functions of M;g” = MQ’LQ = M171,2
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& EDM constraints on ¢’

maximal CP phase (bf; = 90°:
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Tio 1 taking the

Kngman Cheung, Tie-Jiun Hou, JSL, Eibun Senaha,
arXiv:1102.5679 [hep-ph] [PRD84(2011)015002]

- all the EDM constraints could be

fulfilled when Mz 2 300 GeV
1,2

— dé’ﬂ AL 51 the EDM  constraints

could be fulfilled with 90 % cancellation

— Singlino-driven EWBG Kingman Cheung,
Tie-Jiun JSL, Eibun
arXiv:1201.3781 [hep-ph]

Hou, Senaha,




