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Current Status of Dark Matter Phenomenology

Shigeki Matsumoto
Kavli IPMU, University of Tokyo

1 Introduction

The dark matter problem is now considered as the most outstanding problem in particle physics,
cosmology and astrophysics. Though the nature of dark matter is still unknown and the problem
is not resolved yet, we now have two important hints for those. One is from theoretical consid-
eration about why dark matter is so stable, equivalently about which symmetry guarantees the
stability of dark matter. One of the promising candidate is the gauged U(1)p_1, symmetry [1].
Suppose that the symmetry is broken by some scalar field with the B—L charge of two at some
high scale, as inferred from the seesaw mechanism [2]-[4] as well as the successful leptogenesis
scenario [5]. Then, a residual Zy symmetry remains. Interestingly, because standard model (SM)
contains only fermions with odd B—L charges and bosons with even B—L charges, the stability
of dark matter is guaranteed when it is a fermion which does not carry the B—L charge. This
consideration is well matched to supersymmetry (SUSY), because it predicts the neutralino (a
fermion without B—L charge) and this Z; symmetry coincides with the R-parity.

Another hint comes from the recent great discovery of the higgs bosons achieved by the ATLAS
and CMS collaborations of the large hadron collider (LHC) experiment [13, 7]. Thanks to these
collaborations, the higgs mass has also been determined to be about 126 GeV, which gives
precious implication to physics beyond the SM. The discovery of the light higgs boson seems
to indicate that new physics behind the SM is not strong physics predicting a composite higgs
boson but weak physics predicting an elementary one. As far as we know, SUSY is the best
scenario predicting an elementary higgs boson with solving (or relaxing) the gauge hierarchy
problem between the Planck scale and electroweak scale. As a result, the neutralino is currently
regarded as a leading candidate for dark matter particle. Therefore, we discuss this possibility
in this talk with focusing on its theoretical and phenomenological aspects.

2 High scale SUSY scenario

The minimal supersymmetric standard model (MSSM) predicts three kinds of the neutralino;
bino-, wino-, and higgsino-like neutrinos. Before the discovery of the higgs boson, the bino- and
higgsino-like neutralinos are mainly discussed as a candidate for dark matter. On the other hand,
the wino-like neutralino attracts interest after the discovery of the higgs boson. The reason is
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the following. The higgs mass of 126 GeV is slightly heavier than expected within the MSSM,
and it indicates that there must be large radiative corrections to the higgs quartic coupling to
increase the higgs mass [8]-[10]. When the left-right mixing of the stops is negligible and tans
is O(1), the typical scale of sparticles becomes O(100) TeV [11], which is very attractive from
the viewpoint of the SUSY-flavor/CP problems. On the other hand, if the lightest neutralino is
also as heavy as 100 TeV, we have a trouble in its cosmology; the dark matter is over-produced
in the early universe due to its suppressed annihilation cross section.

Interestingly, this problem is naturally solved if we consider the SUSY breaking scenario in a
minimal framework and assume that the breaking is mediated by the gravity interaction (and
those suppressed by the Planck scale). Suppose that if SUSY is broken at some hidden sector by
the field Z which is charged under some symmetry. Then, all sparticles expect gauginos acquire
their masses of the order of the gravitino mass, namely m3/, >~ 100 TeV, through the supergravity
interaction at tree level. On the other hand, since Z is charged under some symmetry, there is
no tree-level contribution to the gaugino masses. In fact, the anomaly mediated contribution
is the dominant one to the gaugino masses, which is suppressed by one-loop factor [12]-[14].
As a result, gaugino masses turn out to be about 1 TeV, which is the scale that the weakly
interacting massive particle (WIMP) requires. Because of the anomaly mediated contribution,
the neutral wino is the lightest supersymmetric particle (LSP) in the most of the parameter
region. It is also worth noting that tang is predicted to be O(1) and the A terms of sfermions,
which are responsible for their left-right mixings, are suppressed in this scenario. The scenario
of this kind is called the high scale SUSY and recently attracts much attention. For example,
the Pure Gravity Mediation model [15, 16] is one of the concrete examples of the scenario.

3 Wino dark matter

Here, we discuss some phenomenological aspects of the neutral wino-like dark matter. In the
high sale SUSY scenario, the dark matter becomes almost the pure neutral wino. It is therefore
well known that both lower and upper limits on its mass (mpy) exist; the lower limit was
obtained by the LEP experiment as mpy 2 94 GeV, while the upper limit is from the WMAP
experiment as mpy < 2.7 TeV, both at 95% confidence level. Since the wino dark matter
couples to SM particles only through the SU(2); gauge interaction, meaning it does not have a
direct interaction to the higgs boson, the scattering cross section between the dark matter and a
nucleon is very suppressed. It is thus not easy to detect the wino dark matter in direct detection

experiments especially when its mass is larger than about 500 GeV [17].

On the other hand, because of the SU(2);, gauge interaction, the neutral wino dark matter has
a large annihilation cross section. Furthermore, the cross section is boosted thanks to the non-
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perturbative effect called the Sommerfeld enhancement when it is heavier than 500 GeV [18]-[20].
As a result, indirect detection experiments of dark matter will play an important role to detect
the dark matter in near future. In fact, the indirect detection experiment utilizing anti-protons
at the AMS-02 experiment can cover the wino dark matter up to 2.7 TeV mass [16, 21]. It has
also pointed out that the 2.7 TeV wino dark matter can also be detected at the indirect detection
experiment observing gamma-rays from milky-way satellites such as the Fermi-LAT experiment
when the uncertainties of the dark matter density inside the satellites is reduced [22].

The neutral wino dark matter will be also detected at the LHC experiment unless its mass does
not exceed about 500 GeV. In particular, if the gluino mass is within the accessible range of
the experiment, say less than 2 TeV, the wino will be produced via the decay of the gluino [16,
23]. Another interesting possibility to detect the wino dark matter comes from the use of the
disappearing track analysis at the direct production of the dark matter through the electroweak
interaction. Since the almost pure neutral wino is highly degenerated with its charged SU(2)y,
partner, the charged wino, in mass. The charge wino decays into the neutral one by emitting a
soft pion with the decay length of about 7 cm because of the tiny mass difference between the
neutral and charged winos. Once the charged wino is produced, it travels about 7 cm and decays
inside an inner detector. Since the decay products are hardly detected at the LHC detector, the
signal is observed as a disappearing track caused by the chargino. Using this analysis, the wino
mass is now limited as mpy = 100 GeV with 5 fb~! data at 7 TeV run [24]. It is expected that
the wino mass less than 500 GeV will be covered in near future using this analysis.

4 Summary

Because of the discovery of the higgs boson at the LHC experiment, the neutral wino dark
matter now attracts more attentions than before in the framework of the high scale SUSY
scenario. On the other hand, in this scenario, almost all sparticles are too heavy to be accessed
at current and near future experiments. It is therefore mandatory to carefully consider what
kind of experiments/observations enables us to detect the wino dark matter. This detection is
nothing but the first step toward the deep understanding of physics beyond the SM.

References

[1] M. Ibe, S. Matsumoto and T. T. Yanagida, Phys. Lett. B 708, 112 (2012).

[2] T. Yanagida, in Proceedings of the Workshop on Unified Theories and Baryon Number in the
Universe, eds. O. Sawada and A. Sugamoto (KEK report 79-18, 1979).

[3] M. Gell-Mann, P. Ramond and R. Slansky, in Sanibel Symposium, Palm Coast, Fla., Feb 1979.



Soryushiron Kenkyu

https://twiki.cern.ch/twiki/bin/view/AtlasPublic.
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResults.

Y. Okada, M. Yamaguchi and T. Yanagida, Prog. Theor. Phys. 85, 1 (1991).

J. R. Ellis, G. Ridolfi and F. Zwirner, Phys. Lett. B 257, 83 (1991).

H. E. Haber and R. Hempfling, Phys. Rev. Lett. 66, 1815 (1991).

A. Arvanitaki, N. Craig, S. Dimopoulos and G. Villadoro, arXiv:1210.0555 [hep-ph].

G. F. Giudice, M. A. Luty, H. Murayama and R. Rattazzi, JHEP 9812, 027 (1998).

L. Randall and R. Sundrum, Nucl. Phys. B 557, 79 (1999).

M. Dine and D. MacIntire, Phys. Rev. D 46, 2594 (1992).

M. Ibe and T. T. Yanagida, Phys. Lett. B 709, 374 (2012).

M. Ibe, S. Matsumoto and T. T. Yanagida, Phys. Rev. D 85, 095011 (2012).

J. Hisano, K. Ishiwata and N. Nagata, arXiv:1210.5985 [hep-ph].

J. Hisano, S. Matsumoto and M. M. Nojiri, Phys. Rev. Lett. 92, 031303 (2004).

J. Hisano, S. .Matsumoto, M. M. Nojiri and O. Saito, Phys. Rev. D 71, 063528 (2005).
A. Hryczuk and R. Iengo, JHEP 1201, 163 (2012) [Erratum-ibid. 1206, 137 (2012)].
L. J. Hall, Y. Nomura and S. Shirai, arXiv:1210.2395 [hep-ph].

B. Bhattacherjee, K. Ichikawa, M. Ibe, K. Nishiyama and M. M. Nojiri, in preparation.
B. Bhattacherjee, B. Feldstein, M. Ibe, S. Matsumoto and T. T. Yanagida, arXiv:1207.5453 [hep-ph].
[ATLAS Collaboration], arXiv:1210.2852 [hep-ex].



Soryushiron Kenkyu

goboobooobogobuoboboon

gobo bogo
oo ogd

0000000000000,00000000CPOO0ODOOOOOOOOOOOOOO
00000000000000000 (pMSSM)00,0000000000000000000
000,0000000 (CMSSM)00,000000000000000000000 (000
00000 m, 000000000 m,, 0000300000 4,2000000000000
00 tanf)000000000,CMSSMOOOOOOOOOO0O00000000000000
000 SUG)00000 (MSGUT)OOO0O

00,LHCO0000000000000LECO00000000000000000000,
CMSSMOOOOOOOOOOOOOOOOOO [1J000,LHCO000,000000000
0000000000000000 [20

myg = 126+0.8GeV

cMSSMOOOO000O0OO0O00000zZzODODOOOO0O0ODODODOOOOO,000000000O 70
00000000000 000 BDUoo00o0oo0o0Uo0ooUoLOOo0DUooOoUo, 0o
O00000ooO00O0000on0 wTevOoOoooOOOOOO0,3000000 A~2me0O0O
O000000o0o0ooooooo (4o
gbO,b0b0bobobobobooboobooooooooooDooobobDobOobobOoDo
gboboobobuoo,goboobooboboobobooboboobobooboboo
ooooobbobOtanpO0oooooOOO00O, 0000000000 ODOOOO0OOOOoLDOoO
gboobooboboboooo,oobooboooboboboboboOo,0bobboobOobbo
Our (1=1,2,3), 000000000000 JMDDDDDDDDDDDDDD ur; DO OO0
oooooooooooooobO,0o0gooooo00dy; 0w 000DODOO0O0O0OO0OO0
000 wwOOO,00000 (p)UO0O0DO0COOODOOOODODODODOOODODO,0D0000000

Viapu, ~ 1, Vada, ~ VEM

tan3 00000000,000000 VkywO0OOOOOOOOODO 500000000000
0000000000000000000,000000000000000000000000
000,00000000000,0000000000000000000000000000
00000

00O0,MSGUT 00000000000 0000000000,000003000000
000 MeOOOO0O000D050000 4-4del (¢00000,¢00000,4000000)0
00000000000000000000000000500000 LLLLOO RRRROO 2
0000000,000000000000000005000000000000000 eq3,

10



Soryushiron Kenkyu

oboog,bgbooobobobobogobo,obobooobobobDoboobobobOoo, g 2
0300000000p—K*p,, KT, 0DDO0O0ODODODOODDODOO0O0000O0OOOOO
000000000 0,00000000000 [6] O

1
Me S TP (p — K1)\ 2 Bp 100 TeV
8.2 x10¥%GeV ) ~ 3.9 x 1033years 0.014GeV?3 my
000, SuperKamiokande D000 0000000000000 3.9x103¥yrs [7], 000000
D0000000000000000000 3,00000 0.014GeV3[8],000000000
00000000000 3000000000 McOOOOO 2x10™ GeV < Mo <5x 10

GeV (90% CL) 9 DODO0000O0OOO0O,0000000000OOOO0DOOOOO0OOOO
goboobooobboooboon

mf Z 100 TeV

oo,00o0o0o0obogob cecpbObooooobOoO,00oboobbooooOoo2000D0O0O
00000oooooooo [1oo

ooo,0b000bo00obooobo cpOO00obDOoOobDOoObOOOOOODOObDOOnO
goooOoOoOoOoOog,pMSSMOOOOO0OOOOODODODO pOOOOO 300000 ADCPO
gobooboooboboooooan

uo= |,U,|6i9“, A = |A’€i9A

00000000 1TeVOOOOOOOOOO,000000000000000,000000
00000000000000000000000000000000 CPOOO0O00OOO0O
0D,000000000000000000000000000000000O0000O0O00O00
[10000000000,0000000000000000000,00000000000
0D0000000000000 QR?0000000000000000000 y~B0O000O0O
(000,x0000000000000WOO0O00000000)00000000000, CP
00000000 yy— b 00000000000 ,CPOO0OOOO0OO00 yx — WHW-
0D00000000000000000,CPOO0O0DOODONOOOOOOOOOODO,000
Qr? ~011000000000000000000000 [12]0

References

[1] ATLAS Collaboration, Phys. Lett. B710 (2012) 67 [arXiv:1109.6572], CMS Collaboration, Phys.
Rev. Lett. 107 (2011) 221804 [arXiv:1109.2352].

[2] ATLAS Collaboration, Phys. Lett. B716 (2012) 1 [arXiv:1207.7214], CMS Collaboration, Phys. Lett.
B716 (2012) 30 [arXiv:1207.7235].

11



Soryushiron Kenkyu

[3] Y. Okada, M. Yamaguchi, T. Yanagida, Prog. Theor. Phys. 85 (1991) 1.
[4] H. Baer et al., arXiv:1210.3019.

[5] A. Bouquet, J. Kaplan, C.A. Savoy, Phys. Lett. B148 (1984) 69, T. Goto, T. Nihei, J. Arafune,
Phys. Rev. D52 (1995) 505 [hep-ph/9404349).

[6] T. Goto, T. Nihei, Phys. Rev. D59 (1999) 115009 [hep-ph/9808255]; T. Goto, T. Nihei, Supersym-
metry, Supergravity and Superstring (Eds J.E. Kim, C. Lee), Singapore, World Scientific (2000) 216
(hep-ph/9909251].

K. Abe et al., arXiv:1109.3262.

JLQCD Collaboration (S. Aoki et al.), Phys. Rev. D62 (2000) 014506.

H. Murayama, A. Pierce, Phys. Rev. D65 (2002) 055009 [hep-ph/0108104].
T. Ibrahim, P. Nath, Phys. Rev. D62 (2000) 095001 [hep-ph/0004098].

A. Pilaftsis, Phys. Lett. B 435 (1998) 88 [hep-ph/9805373)].

T. Nihei, Phys. Rev. D73 (2006) 035005 [hep-ph/0508285].

—
o

12



Soryushiron Kenkyu

LHCOODDODOOOoDoOooooooooooooo

gobo boooooboooboonbog
ugb od

OO0DO000O00O0O0DOOOrTevOOOOO 20100 3000000 CERNDODOOOOOOO
000 LHCOOOODOOOOOODOOOOOO201204000000000000 8TeVvOOO
ubobooboooobog20110 12000000000000000000000O000DO0O00O0
20120 rO00oOobOoO0oboOobOobob0oLDOobOo0oboOo0bOoobbOoDobbObOobobLbOo
gboooooboboobboooboboboboooboboboooooboboboooooboo
goboobooboboobooobobooboobooboooboooo
2011000b0o0b0o0booboo0bo0b 1co0oboobooboooboboobooDoo
o0000O000O0o00oOo000OOoO00oDOO00obOOoO00obOOoO00oooDooooDoLHCOOO
gobooboobbooboobooobuooboobboobooboo

1 LHCOOOO ATLAS/CMSOO

0201100000 ATLAS/CMSOO0000000000O0 7TeVOOOOOODODDOO 5fb!
00000000000000000012000000000000000000000000
0000000000000000000000000000 11600 130GeVO OO (ATLAS
00)011500 127 GeVO OO (CMSOO)0D 000000000 DODODOOODODODOOODOO
0000000000000 0000000oooo

20120 4000 LHCOOOOOOOOO 8TeVOOOODOODOODOOOOOOOODOOOO
0000000000000 77x 103¥ em 31 00000000000000000O00O0O0OO
000100000 18-l MO0000000003000000000000 100000000
0000000000000 000000000000000o000ooooooooooooog
000000000 D000oOooooooon

2 OOOoobooo

020120 4000 LHCODODDOOOOO8TeVOOOOOODODDD600000 6100
000000000 0000ATLASOCCMSOOOOOOOO0ODOOOOO0ODOOOO0O0ODOO
Oo0o00ooooooOo0 ICHEPO7O0 40- 11000000000DOO0CO700000OO
000 [1,200000000w000000004000000000000DO0CO0UDOOO
0000000 Figure 1, 200

13



Soryushiron Kenkyu

3 2400 - ————— - . 5
O 2200 Selected diphoton sample —
2 o000E- ®  Dala 2011 and 2012 E
5 E Sig + Bkg inclusive fit (m_=126.5GeV) o > o .
] W = © 35 Data
@ 1800 E -+ 4th order polynomial = o [ Background ZZ ATLAS F’ref:lmmary
1600 — * 4 = Te] Il Background Z+jets, tt
E s=7 Tev.f Ldt=481" 3  @30F [ Signal ("‘H=‘2+ Gev) H-zZ" -4
1400=- B : = 5 [ Signal (m, =150 GeV)
1200 is=8TeV [Lat=501" oot Signal (m=190 Gev)
1000 3 #% Syst.Unc.
i 3 = Hs=7Tev:fLdt=481"
E = = 9 o ‘1
o 3 = 15p/s=8TeV:[Ldt=5.8 fb
200F- ATLAS Preliminary =
& E ' I I } = 10
@ 1005 -
@ 0 ¥
] 3 1 i
© o00E-f {. ’ =
160 100

150 200

100 11'0 120 1:;0 u'.o 150 250
m, [GeV] my, [GeV]

Figure 1: ATLASOOOODO vwOOOOOOOOODOD400000000000D000O

7TeV,L=505f";{s=8TeV,L=526M"
R

CMS Preliminary {5 =
T T TTT T TTTT

2000 cys Preliminary —e— S/B Weighted Data 3 5 BRI RADAN SRR
=7TeV,L=5.11b" S0 61 o r MELA>0.5 1
E 1800 fogTeV Laat I il o 7E W zx
G 1600 (S = ?
= B 20 2 6f Ozv'z
) e :>j 55 [ Jm,=126 GeV]
(2] = 3
%'1200 ]
51000 ar
:“c:j 800 3*
£, 600 )3
D 400 E
2 £
200 F 4
0 L L 1 L L L " 0- I " " :
120 140 110 120 130 140 150 160 170 180
my, (GeV) m, [GeV]

Figure 2. CMSOOOOO ywOOUOOOOODOODO40000000000000ODO

w0 40000000000000 WW(— Wwiv)DbbOrr000000000O0OOCOO
significance 0 ATLASOCMSO OO0 590049 0000000000000000000O0OO
O0Figure 3000 000000O00O0ATLASOOOOO 126.0 4+ 0.4 (stat) = 0.4 (sys) GeVO
CMSO 1253+ 06 GeV OO OOOOOOODODOOOOOOOOODOO

googboboobosgbobboboboobooooobobooboooooooDo
O0D0O0O0OD0O0O0DOOsignal strengthD0 0000000 Figuwre 400000000 OOOOO
00000 consistent OO O0O00O0O0O0OD0O0O0O0O0OODOO0OO00O0DOODOODOOOOODO
oboboooboooooboobobobooboboboobooobobobobOooboooboDbo
ooboboboboboboon

14



Soryushiron Kenkyu

o

T LI B i

e F R T ST
= 1
5 E ATLAS 2011-2012 __,. = e\ N i
1
8 E ®E=TTwev JLet=2648Mm - Exp. \\/"
E Vs=8TeV: [Lat=5858 " M+lo o
,II:

E
350
: 1
r 1
' _— R
) — Combined obs. o -
10°E- = o k| -t Exp. for SMHHiggs \SSEST:‘;BT_":?:VW ’%
e E W= \s=8TeV,L=53f" 3
(NN, %9  bmmend CL-L1CL AN i it i |
110 115 120 125 130 135 140 145 130 116 118 120 122 124 126 128 130
m, [GeV] Higgs boson mass (GeV)

Figure 3: 00 000000000000 OD0OO0ODOO0OOlocal p-valueD OO O OO ATLAS
dopoooo cMSOOOODDODOODODOOOODOODODDODO0OO0ODODOOO0ODOO0On local
p-valuel

‘ATL'AS ! 20»]»'] o 2612 m,= 1250 GeV tnlﬂ =125 GeV CMS Preliminary

Vs=7TeV,L=5.11b"
b 5 B . \s=8TeV,L=531b'

H—o Tt .
Ve =7Tev: JLat =447 n”

H— WW" = iy H— bb
\E=TTev: [Lat=47 " Sl
Ve =8 Tev: Jm =58 "
Hoy

=7Tev: JLa=qon’ ——
E=8Tev: JLor=s9 0"

H—2Z" = 4l

E=7Tev: [Lat=an " —
Ve=8TeV: ]Lsu 58"

Combined H— WwW

Fotmev fazso-asn’ 1 =1.4+0.3 ——
[ P

| | 1 1 | | H- ZZ
10 1

. 2 A4 0 1_2 3 4 5
Signal strength (1) Best fit 6/c,,,,

H— 1t

H—- vy ——

Figure 4: 00 0000000000000 0O9%% CLO

uoboooobooboooooobooooboboooobooooooobooooobo
gbobooooobooboooboooooboooooboboobooobooobooobooboobobooooobo
000000000000000000000000000000000000000 10*2GeV
gboobgobooobooboboooooobobobobooboobobobobooobobo
gbobobobobooboooooooooooooooooon

15



Soryushiron Kenkyu

3 doouooon

oooooooooooboboooboobobboooooobboboooogboboobboboboo
ooobooOooooooobooOoLHCOOooDOoooOOooooooDooooooOobDooooOoon
000000000000 0000000000O0O0O00OUOU0O0OO MSUGRA/CMSSM
OO0Figuwre 5000000000 OOODOOOOO201100000000000000O0000O
OO00Osquark 00000 14TeVO O Ogluinod 0 900GeV O OO OOOOOOOOOODOO
gbobogoobooobooboboobooobooobobobobooboobooboboooobobo
gbooboboooodbDstop0ooooooobOOobDbO0ObOO0ObOO0O0O0OOO0oDObODO
OO0O0DO0O000LHECO stopO 00000 DOOOODOOOOODOOOOFigureb0O0OOOOO
gboboboboboobobooboobooobobooboboboooboooobooooooooobooon

MSUGRA/CMSSM: tanfl = 10, A = 0, u>0 L"=47m"
T T T

T, production: T,—b+%}, ¥, W'+% (BR=1, m, <200 GeV); T, t+% (BR=1, m, >200 Ge
i 2l < : L 2ol St

{FRER) L T
- Observed limits (-1655") T b g W ]

" ! T
= X J Sfe0kon. 2 85 e Somind % 200 — ATLAS Preliminary z,
E o . | ATLAS CONF 2012 039 Expected [0 | —— Observed limits (nominal) - z‘wwn (m. =10
600 \ | 0-lepton, 2 6-9 jets = Observed il 180 Ldt=4.7f " ys=7 TeV ---- Expected limits (nominal) —— 12-eptons + b
| asconFaor2cyr .. Expected EN i AN lits st 95% CL, = uxnmmm +bie
. | A = T, 143 (m, >200 GeV'
E ! | 1-lepton, 3,4 jets — Observed 160 o~ ben
500 === | Aras conFacizon -~ Expected 1405 o > —e
- o £ / \
E 120 I /
400 — B ’
100
] S G S o — — 80 y 4
60 /
E wTw&y A
200 — 40 b
P o 20 / / k
100 1] SENE VSR SN T i
500 1000 1500 2000 2500 3000 3500 150 200 250 300 350 400 450 50C

m, [GeV]

Figure 5: 0000000000 0MSUGRA/CMSSMO O (1 /9,me) D00 95%CLODOO DO
tanB =10, 4g =0, 1 > 0000000000000 stop00000000O00ODstopDO
neutralino 00 0000000000000 O00C0OO00O0 ATLASOOO 2011000000
00000000000

O0o00o0oo0oodoooooooooooooooooooooooooooooon
0000000000000 00000D0O0000000DOO0DO0O00O0OOODOO0O000 Zy
0000000000000 00000000000000000000000000120GeV O
130GeVO O OO0 naturalness 000 0000000000000 0OmGMSBODO OO mAMSB
00000000000 bD0o0oO0oooOoooooon

References

[1] ATLAS Collaboration, Phys. Lett. B 716 (2012) 1-29.
[2] CMS Collaboration, Phys. Lett. B 716 (2012) 30-61.

16



Soryushiron Kenkyu

Non-Local vs. Non-Commutative
- Non-Local Fields and Modified xk-Minkowski Spacetime -
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The problem of the interaction of matter and fields has not been satisfactorily solved to this
date. The root of the trouble in present field theories seems to lie in the assumption of point
interactions between matter fields. On the other hand, no relativistically invariant Hamiltonian
theory is known for any form of interaction other than point interactions.
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SO(10) GUT in the LHC ERA.

Takeshi Fukuyama

Department of Physics and R-GIRO, Ritsumeikan University and
Maskawa Institute, Kyoto Sangyo University

2012 is an epoch making era for particle physics. The discovery of a Higgs-like particle by the
LHC is not only the completion of the Standard Model (SM) but also the opening of grand
unified theory (GUT) as the precision science. We will explain its implications in this talk.
SUSY GUT consists of three ingredients:

1. The structure of the Yukawa couplings of quarks-leptons, or equivalently, of the mass matrices
of quarks-leptons including that of heavy right-handed neutrino.

2. The flow chart of gauge symmetry breaking from GUT gauge groups (SU(5), SO(10), Es
etc.) to the SM gauge group SU(3)xSU(2)xU(1).

3. The SUSY breaking mechanism like gravitation, gauge, anomaly mediations etc. and their
initial conditions at GUT or at Mp.

GUT becomes the “Standard Model” of the next generation when these three conditions are
satisfied consistently.

The SM is only concerned with (1). The MSSM and its versions like the NMSSM and nMSSM
etc. deal with (1) and (3). (2) has been analyzed only by renormalizable minimal SO(10) GUT
(minimal SO(10) GUT) since we can make unambiguously gauge invariant potential in that
case.

In this short talk we do not argue on the details of minimal SO(10) model [1], only taking
these three ingredients in our mind.

The discovery of a Higgs-like particle at the LHC is not only the last discovery of the SM
particles but also gives stringent constraints on SUSY GUT especially on (3) mentioned above.
We will study the impact of the recent LHC discoveries of Higgs-like object around mj; = 125
GeV, h — v, SUSY search etc. in connection with SO(10) GUT models. Here the consistencies
of the SUSY have been analyzed without considering the details of model but with the pattern
of soft SUSY breaking.

One loop correction to the lightest Higgs mass in CMSSM is [2][3]

3 mi [ MZ  X}? X7
2 2 2 t S i £
~ M 2 —— |In—=2+—= 11— 1
mh & MzeosT28 + e [nm% Tz < 12M§>} ’ (1)
where
Ms = \/mzmz,, Xi= A;— pcotB3, v=174GeV (2)
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with the trilinear Higgs-stop coupling constant A;. For large tan(, some negative corrections
appear

hiv?
2 o b
B S =62 03 ®)
from sbottom, and
hiv?
2 o T
Amj, % 4872 i (4)
z

from stau. Here the bottom Yukawa and the tau Yukawa are

~ my h A mr (5)
~ wcosf(1 + tanBAhy) T weosB(1 + tanSAR,)

with one-loop corrections of Ah, and Ah,. Anyhow these corrections may be subdominant.

The recent review of SUSY search at LHC gives very severe constraint on CMSSM [4].

Here we set Higgs-like object around 125 GeV as the lightest Higgs h, and (1) indicates (a)
rather large stop mass or (b) large A;. (a) implies a large discrepancy between m; and m; and
is in the inverse direction of that of original SUSY motivation, the loop cancellation in Higgs
mass hierarchy. This large stop mass need large mq or large M, for gaugino mediation, which
is very severe from the LHC [4]. We did not adopt the second choice since we set Ay = 0. We
will be back on this point later.

As a result, someone assert that CMSSM is strogly disfavored [5]. Here CMSSM is the
MSSM with the universal boundary conditions,

m2Q —m%:m% m%—m = mi1s, (6)
mmg, —-ﬂng = my, (7)
Mz My My My S
T2 T 2 T T 92 T 2 ( )
g3 95 g1 9u

Ay = A()Yu, aq — AQYd Ay = A()Ye. (9)

If it is indeed the case, it should be considered very worrisome since our analyses of LFV,
leptogenesis, sparticles mass spectra have been based on the universal boundary condition of
CMSSM from (6) to (9). As we mentioned, these universal boundary conditions are natural
except for (7) in the framework of SO(10) group. It is more natural that we relax (7) and take
mp, and my, as free parameters (NUHM1 or NUHM?2). It is not obvious to us that it improves
the problems [6]. Here we only point out that this may suppress sfermion masses since

6
1677— =— ) 8C4(i)g2| M, |2+ Y9285, (10)
a=1,2,3
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where
S = Tr[Y}mij] =m}, — m%ld + Tr[m% —m? —2m2 + m%—i— m2]. (11)

Gaugino mediation which we adopted in 5D model makes the situation worse. This is because
all matters get their masses from gaugino by RGE and gaugino mass must be unacceptably
large. Also we may generalize (8): if the hidden sector field is not the singlet unlike

X
L~ §(y) / a6 Tt VW], (12)
5
but, for instance, 54-plet
P
_ 2 af ayp
L /d0M5WW, (13)

we have non-universal gaugino masses at GUT scale[7]
Ms:My: My =2:-3:—1 (14)

in place of (8). So, even if we adopt CMSSM or minimally extend it, we must first construct the
most suitable soft mass conditions (my, M, /5, Ap, tan for CMSSM or mq, My 9, Ao, tanf, u, ma
for NUHM?2 ) without singlet and with singlet (the next-to-minimal supersymmetric model
(NMSSM) [8] and the nearly minimal supersymmetric model (nMSSM) [9] etc.) due to several
SUSY breaking mechanism.

The most important advantage of our model is its high predictivity, and it contains some
tensions among the upper bound of y — ey, electron EDM, and anomalous muon g-2 etc. [10].
This is remedied by non-zero A-term, which restricts SUSY breaking mechanisms.

One of the peculiar properties of our data fitting among others is large tan3. Br(B? —
pt ™) is proportional to (tan 8)® and served as the checking tool [11][12].

Br(B® — utp”) = 35x107° tanf]® [ 7, Fp, ]*
# 50 1.5ps| | 230MeV

@ (1672)%e2,

M4 (1 + éstanB)?(1 + egtan3)?’

2
V|
0.040

(15)

Also it should be remarked that there may be 30 deviation from the SM in h — 7 [13]. Its
decay ratio is given by [14] [15]
Gra’m3
I'(h— = ————— BN NesedgpAl(rr) + gl Al (7
( ¥Y) 128+/273 | Z cf€rgf f( f) gwAw (Tw)

+ gH:l:AHi TH* +ZQX:I:A +Zch€fg;cLAl; )’ (16)
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where 7, = (my/2ma)?. A; (i specifies spin here) are defined by

Ay(r) = —[272 + 374321 — 1)g(7)]/7* (17)
Aypp(m) = 2+ (7 = )g(n)]/7° (18)
Ao(r) = —[r—g(n)]/7% (19)
where
arcsin?y/7 for 7<1
_ 2
9(r) = —1 (logi %j;: — i7r> for 7>1 "~ (20)

Recently LHCb Collaboration has announced that they have found the first evidence of Br(Bs —
ptp~) = (3.2%75) x 1079 [16], which is in agreement with the SM prediction, Br(Bs — utu~) =
3.23+£0.27) x 1079,

We will discuss these processes in the framework of our model in separate form [17].
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125 GeV Techni-dilaton at the LHC

Shinya Matsuzaki
Maskawa Institute, Kyoto Sangyo University

1 Introduction

On July 4, 2012, a new boson of the mass around 125 GeV was discovered at the Large Hadron
Collider (LHC) [1]. It has been reported that in the diphoton channel the signal strength of the
new boson is about two times larger than that predicted by the standard model (SM) Higgs,
while other channels are consistent with the SM Higgs. This may imply a hint for a new scalar
boson beyond the SM.

It is the techni-dilaton (TD) that is a candidate for such a new scalar boson: The TD is a
composite scalar boson predicted in the walking technicolor (WTC) [2] which is characterized by
an approximately scale-invariant (conformal) gauge dynamics and a large anomalous dimension
for the techni-fermion bilinear operator ~,, = 1. Thus the discovery of TD should imply discovery
of the WTC. This note provides a brief summary of a couple of recent works on the TD at the
LHC [3, 4].

2 Techni-dilaton

The TD arises as a pseudo Nambu-Goldstone boson for the spontaneous breaking of the approx-
imate scale symmetry triggered by techni-fermion condensation. Its lightness, say 125 GeV, is
therefore protected by the approximate scale symmetry for a wide range between mp and A,
where mp and A respectively denote the dynamical mass of the techni-fermion and an ultraviolet
cutoff for the WT'C to be identified with an extended technicolor scale Agrc = O(10%—10% TeV).
Recently, it has been shown [4] that the light TD can indeed be realized by a large gluonic effect
intrinsic to the walking dynamics, which is smaller in QCD-like dynamics. The lightness is
actually protected also below mp, after the end of the walking, thanks to the large suppression
of possible explicit breaking effects due to the large TD decay constant: Several theoretical esti-
mates suggest vgw/Fy ~ 0.1 — 0.3 at around 125 GeV of the TD mass [3, 4], where vpw ~ 246
GeV. Thus the TD mass is fairly stable to become around 125 GeV.

3 Techni-dilaton at the LHC

The relevant things to study the TD LHC signatures at 125 GeV are the couplings to the
SM particles such as those to bb, 77,99, WW, ZZ and ~v. The TD couplings are completely
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determined by the low-energy theorem for the spontaneous breaking of the scale symmetry,
which turn out to take essentially the same form as those of the SM Higgs. The overall scaling
from the SM Higgs is just given by a ratio vgw/Fy. On the other hand, the TD couplings to
diphoton and digluon are not simply scaled from the SM Higgs, which include techni-fermion
loop contributions depending on modeling of the WTC along with the number of technicolor,
Nrc.

To be concrete, the present note focuses on the one-family model for the WTC in which
techni-fermions having the same SM gauge charges as those of the SM-one family fermions are
included. The couplings to bb, 77, WW, ZZ are then suppressed simply because of the suppres-
sion of the TD coupling by vgw/Fy compared to the SM Higgs. On the contrary, the extra
techni-fermions carrying the electromagnetic and QCD color charges make the couplings to gg
and v highly enhanced compared with the SM Higgs, which somehow compensates the small-
ness of other couplings. These couplings actually play the key role to account for the presently
reported excess of diphoton event rate, while the significance for other channels stays at the
level similar to the SM Higgs prediction.

4 Conclusion

The 125 GeV TD at the LHC turns out to be consistent with the currently reported LHC
boson [3]. See Figs. 1 and 2. Of great interest is that the TD can be more favorable than the SM
Higgs, thanks to the presence of extra techni-fermion loop corrections to digluon and diphoton
couplings: The current data fit yields x2 . /d.o.f. = 12/13(10/13) ~ 0.9(0.7) for the TD with
Nrc = 4(5), which is compared with the SM Higgs case with X%M—Higgs/d’o'f' ~ 14/14 = 1.0.
More precise measurement and observation of the LHC boson through exclusive channels like
77 + jets and WW + jets will derive a more definite conclusion that the TD is actually better
than the SM Higgs, or not.
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Figure 1: The plot of x? as a function of vgw/ Fy4 in the case of the one-famly model with
Ntc = 3,4,5,6. The x? is defined for signal strengths of event rates normalized to the SM
Higgs cross section. The observed data on the signal strengths have been read from Ref. [1].
Comparison with the SM Higgs (red-dotted horizontal line) is also shown.
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Figure 2: The best-fit signal strengths of the 125 GeV TD, for the decay channels categorized
as WW*(212v), ZZ*(4l), 777~ , vy0j and vy2j [1].
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1 Introduction and Motivation

Although the Standard Model (SM) of particle physics agrees very well with results from various
experiments, some problems and unsatisfactory points have also been pointed out. One of them is
the lack of a guiding principle for the flavor structure of fermions. In this regard, the introduction
of flavor symmetries may be one of the most conceivable extensions of the SM.

Since most of the flavor symmetries need to be broken either spontaneously or explicitly [1]
at energy scales much above the electroweak scale, it is not usually easy to answer the question,
“What kind of symmetries should we introduce?” In order to answer this question, we need to
find out remnants of such broken symmetries in a low energy theory, and small parameters could
be important for this purpose. If the symmetry breaking is slight, the breaking effects appear
as small breaking terms. Even if they were grossly broken, the corresponding breaking terms, in
low energies, might be expressed in terms of effective non-renormalizable operators suppressed
by their breaking scales. For instance, it is well-known that a Majorana neutrino mass term can
be constructed with only the SM particle contents at mass-dimension five [2]:

Lo = @LiL-HH (1)

A, ’

where L; and H represent the left-handed lepton doublets and the SM Higgs, respectively, and
that the lepton number symmetry is restored when one sets the neutrino mass term to zero. In
this case, the observed tiny neutrino masses could be regarded as breaking terms of the lepton
number symmetry broken at the high energy scale A,. Like this, it might be said that small
parameters in a low energy theory are the manifestation of new symmetries in high energies;
zero limits of the small parameters correspond to unbroken limits of the associated symmetries.

In this talk, we would focus on hierarchy between the two squared-mass differences of neu-
trinos, that is Am2, < Am3;, and discuss its consequences. As can be seen from Fig. 1,
this turns out to be a quasi degeneracy between mj and mj unless m} is much smaller than
m4 in the normal mass ordering. Let us focus on this partial quasi-degenerate region (roughly
my = 0.05 ~ 0.10 eV) and consider the effective operator given in Eq. (1). In the limit of
Am?2, = 0, the Majorana neutrino mass matrix comes to respect the O(2) flavor symmetry [3]

my{ 0 0 m{ 0 0 m{y 0 0
Rl o my o |R=P'| 0 m¥ 0 |P=| 0 my 0 |, (2
0 0 mj 0 0 mj 0 0 mj

30



Soryushiron Kenkyu

0.1 * 0.1 v 1
— L — [ m, A
> > .
(D] 9} v
. . m
>.y—1 >.y—l 2
= =
0.01 - 0.01- V: ]
L b [ m, - ]
[ ] F 3
0.01 0.1 0.01 0.1
v v
m, [eV] m, [eV]

Figure 1: The neutrino masses as a function of the second generation neutrino mass with Am?2y =7.56 x 107°
and |Am3s| = 2.43 x 1072 for the normal (left panel) and inverted (right panel) mass ordering cases. The solid
(black), dashed (red), and dotted (blue) curves correspond to mYy, mj and mj, respectively.

where
cos@ sinf O 1 0 O
R=| —sinf cos¢ 0 |, P=| 0 -1 0 |. (3)
0 0 1 0 0 1

In other words, L1 and Ls belong to a doublet representation of O(2), e.g. 2,,, while L3 behaves as
a singlet representation, e.g. 1. (For notations of O(2), see the second paper of Ref. [3].) Then,
the slight mass splitting between mY and m4 may stem from breaking of the O(2) symmetry.
At first glance, this partial degenerate limit seems to conflict with the charged lepton masses
because they are strongly hierarchical. In the case of Weyl fermions, however, one can assign
a different doublet representation, 2,,.,, or the singlet representation 1 to the right-handed
charged leptons, leading to

00 0 0 0 0
M= 00 0 oo M= o o0 o0 |, (4)
0 0 m§ mgy  mgy miy

respectively, and one can see that the electron and muon are degenerate with zero mass in both
cases. In this sense, the partial degenerate limit is applicable to not only the charged lepton
sector but also the quark sectors. Rather, this picture appears reasonable since we can relate
smallness of the light charged fermion masses with the O(2) symmetry breaking.

The O(2) symmetry breaking triggers flavor mixing at the same time. On one hand, in the
quark and charged lepton sectors, small flavor mixings are expected because the breaking terms
are supposed to be much smaller than the leading terms Eq. (4), and thus the observed small
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CKM mixing could be obtained?. On the other hand, in the neutrino sector, flavor mixing can
be large since the leading neutrino mass matrix in Eq. (2) is almost proportional to the unit
matrix if the neutrino mass hierarchy is mild. In turn, it may be possible to realize the large
PMNS mixing even though the breaking terms are small.

To summarize, a limit of the partial-mass-degeneracy seems to fit the observed fermion mass
spectra and mixings, and moreover it suggests the O(2) (or its subgroups) flavor symmetry.

2 Model

We show a simple model for the lepton sector by means of the Dy symmetry, which is one of
discrete subgroups of O(2). In this case, we are free from massless Nambu-Goldstone bosons,
gauge anomalies and so on. In order to lift the mass degeneracy, the Dy flavor symmetry must
be broken by a doublet representation, so that we introduce a set of gauge singlet scalars S 2.
We assign the irreducible representations in such a way that

Lio 12, L3 lip3,HI1, Si2i2, (5)

where /123 stand for the right-handed charged leptons. We consider the effective Majorana
neutrino mass operator in Eq. (1) so as to keep our discussions as general as possible. Note
that 572 are postulated to be complex fields, and we invoke spontaneous CP violation (SCPV)
via complex vacuum expectation values (VEVs) of Sj 2; otherwise the electron remains massless
within the given particle contents. We do not discuss the availability of SCPV in this talk, but
naively define VEVs of the scalars as

(H) =v, (Sp)= (sleid’1 526i¢2)T. (6)

After the scalars acquire the VEVs, the charged lepton mass matrix takes the form of

1 0O 0 O
“MYl 0 0 0
v
v oS s
Y161 Y201 Y301 YioT 0T yh0} Y10a Yoda Ys0a
+AT Y102 Y202 y3be | + | v105 y305 w3y |+ | y10 yade Y30 ,(7)
F 0 0 0 0 0 0 0 0 0
where
6y = (2201 — $2e¥92) 6y = 251 59e"(P1T92) (8)

6o =sT— 55, O =2s152c08(d1 — 2), )

2We notice that mixing between the first and second generations is not necessarily small because of the mass
degeneracy. This could explain reason why 053M is a little larger than the others.
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Figure 2: sin? 67MNS as a function of sin? #53'N5 for the cases of normal (left-panel) and inverted (right-panel)
neutrino mass orderings. The 1o error bars from Ref. [4] are also plotted.

while the neutrino mass matrix is given as

A fo 00 . 0 0 9v01 + 9,07 + , 0
14 * "
WMV = 0 fl, O/ + - 0 , 0 ., gl,(SQ -+ g{,52 + gyéb

0 0 fz/ F gl/51 + gzlx(sik + 9y 5(1 gll52 + 91//65 + gy(sb 0

L[ e+ e + h;ea + hem + hl,ex hyea + hles + hZ”eb + h;,':fy + hl, & 0

+A4 hyeg + hye5 + hyep + by, ey + hy, € —(hyer + hie] +hyea +hy,ex +h, ;) 0 |, (10)
F 0 0 0
with

€1 =01 — 03, €= 26102, (11)
€ =02 —0f, €= 20,00, (12)
€Epr = 515a — 525(,, Ey = 5151, + 525a. (13)

Note that y;, f,, g, and h, are dimensionless couplings, Ar describes a breaking scale of the Dy
flavor symmetry and we have ignored the next-to-next-to-leading terms in the charged lepton
sector. Obviously, there exists a sufficient number of parameters to fit the experimental data, and
there are no predictions for the fermion masses and mixings. Nevertheless, we would emphasize
that the model can reproduce experimental data without making the dimensionless couplings
hierarchical. For instance, in Fig 2 (left panel), we choose the following parameter space:
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Y3 =10, N =y9=12, y1=—yp=ys=y; = vh = —y; = 0.8,

fL =10, f,=0.90~095, g, =g, =09, g, =08~ 1.3, (14)
h,=h., =h, =—h, =—h, =08~ 13,

*12 015 ~ 0.30, ¢10 =0 ~ 27,

Ap

for the case of normal neutrino mass ordering and numerically compute sin? 05N and sin? #7MNS
while imposing the 1o constraints of Am2,/Am3, and sin? 675 from Refs. [4] and the charged
lepton mass ratios at the Z-boson mass scale from Ref. [5]. As can be seen from the figure,
a nearly maximal 5MNS gEMNS

and relatively large are successfully obtained. By choosing a

similar parameter space, for the inverted ordering case, one can depict the right panel in Fig 2.

3 Summary and Future Works

Inspired by Am?2, < Am3,, we focus on a neutrino mass range in which the first and second
generation neutrinos are quasi-degenerate in mass. In the limit of Am2, = 0, a Majorana
neutrino mass matrix respects the O(2) flavor symmetry. We suggest that this partial-mass-
degenerate limit may be a good starting point for understanding not only the observed neutrino
mass spectrum but also the charged fermion mass spectra and flavor mixings.

In this talk, we adopt the Dy symmetry as our flavor symmetry in order to concentrate on
the flavor puzzles of fermions. It is, of course, very challenging to enlarge the symmetry to O(2)
taking into account a new gauge boson and gauge anomalies. Also, the quark sectors should
be included. Furthermore, we plan to postulate a specific neutrino mass generation mechanism
and implement the Leptogenesis scenario.
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Figure 1: (a) polarized two-photon process (inclusive) (b) pion transition form factor (exclusive)
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3 Pion transition form factor
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Lorentz invariant CPT violation and neutrino-antineutrino mass
splitting in the Standard Model

Kazuo Fujikawa

RIKEN, Nishina Center

1 Lorentz invariant CPT violation

The CPT symmetry is a fundamental symmetry of local field theory defined in Minkowski
space-time. However, the possible breaking of C'PT symmetry has also been discussed. One of
the logical ways to break CPT symmetry is to make the theory non-local by preserving Lorentz
symmetry, while the other is to break Lorentz symmetry itself. We presented an explicit non-local
Lagrangian model which induces the particle antiparticle mass splitting in a Lorentz invariant
manner [1],

s = [ae{d@in o) - mi) (1)
- [ dtyloa® ~ o) - 6060 ~ )6 - ) - )

(i (@)(y)] },

which is Lorentz invariant and hermitian. For the real parameter u, the third term has C' =
CP = CPT = —1 and thus no symmetry to ensure the equality of particle and antiparticle
masses. The parameter [ has dimension of length, and the mass dimension of the parameter
is [M]3.

The free equation of motion for the fermion in (1) is given by

iy Opib(x) = myp(z) (2)
-Hu/@%wm@—@U—H@O—ﬁn&w—yﬁ—ﬂww»

By inserting an ansatz for the possible solution v (x) = e~*U(p), we have

pU(p) = mU(p) +iulfr(p) — f-()U(p), (3)

where fi(p) is the Lorentz invariant ”form factor” defined by

ﬁ@:/&MMW%W@P4% (1)
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which are inequivalent for the time-like p due to the factor 6(z?); this fi(p) is mathematically
related to the two-point Wightman function for a free scalar field. By assuming a time-like p,
we go to the frame where p'= 0. Then the eigenvalue equation for the mass is given by

0o 2 o3 2 2
m_47W/ £ sin[poVv'z? + [?]
0

il (5)

Po = 70

where we used the explicit formula
226:i:ip0 22412
V22 + 12

This eigenvalue equation under py — —po becomes (after sandwiching by 7s)

fi(po) = 27T/Ooodz

, (7)

Po = 7

) 2 & /2 12
m+47ru/ dzZ sinfpovz” + ]
A VETE

which is not identical to the original equation in (5). This causes the mass splitting of particle
and antiparticle in the sense of Dirac, even if all C;, CP and C'PT symmetries are broken in the
present model. It is possible to assign a finite value to the last term in eq.(5) for py # 0 by using
the formal relation,

/°° dzZQ sinfpovz? + 12 _82/00 dzZ2 sin[poVv/ 22 + 1?]
0 NP ot o [22 41232

2 Neutrino-antineutrino mass splitting in the Standard Model

We discuss the application of the above mass splitting mechanism to Dirac-type neutrinos in
the Standard Model. One may add a hermitian non-local Higgs coupling, which is analogous to
the last term in (1), to the Standard Model with a Dirac-type neutrino mass [2],

.2/2
Lepr(r) = —z\vfu

[ty 8= 07 - 210(a® ~ ) {ale) (el vnl0)
— (e W)6e(w)) vala)}, Q

without spoiling the basic SU(2)r x U(1l) gauge symmetry. Here ¢. stands for the (SU(2)
conjugate of) Higgs doublet. In the unitary gauge, ¢*(z) = 0 and ¢°(z) — (v + p(x))/V2,
the neutrino mass term (with the vanishing right-hand mass mpg = 0) becomes in terms of the
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action

Sumass = /d%{ — mp(z)(z) <1+ <P(fv>>

X [ﬁ(x) <1 + (pg)y)> et =) (1 * (IDE)Z/)) (1+ 75)1/(90)] }
- /d4${ —mpv(x)v(z) <1 + M)

“in [ dtyi((e— 9 - P0G 1)~ 0 ~ plav(y)

b [ dtys((o— )? - PByrihs(y)

=i [ty - o)? - P60 - o)

<[P(@)(1 3 () — Pu)(1 + 1) ()]e() ). (9)

where we have changed the naming of integration variables < ¥y in some of the terms and used
0(x° — %) +0(y° — 2%) = 1.

When one looks at the mass terms in (9) without the Higgs ¢ coupling, the first two terms
are identical to the two terms in (1) but an extra parity-violating non-local mass term appears,
which adds an extra term —iuysg(p?) to m in the mass eigenvalue equations in (5) and (7);
here g(p?) = [d*z1¢P*15((21)? — I?). This extra term is C and CPT preserving and does not
contribute to the mass splitting. Since we are assuming that C'PT breaking terms are very
small, we may solve the mass eigenvalue equations iteratively by assuming that the terms with
the parameter p are much smaller than m = mp.

We then obtain the mass eigenvalues of the neutrino and antineutrino at [2]

00 2 o 2 2

, 9 2 sin[mpvz? + 1]
my =~ mp—1 m7) & 4w dz , 10
+ D — ipysg(mp) M/O 22 (10)

where we have used the upper two (positive) components of the matrix vy in (5) and (7).
The parity violating mass —iuysg(m%) is now transformed away by a suitable global chiral
transformation without modifying the last term in (10) to the order linear in the small parameter
. In this way, the neutrino and antineutrino mass splitting is incorporated in the Standard
Model by a Lorentz invariant non-local C'PT breaking mechanism, without spoiling the SU (2)  x
U(1) gauge symmetry. A salient feature of the present scheme is that the Higgs particle ¢ itself
has a tiny C-, CP- and C'PT-violating coupling in (9).
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The present non-local scheme is expected to spoil unitarity in general, but the breaking
occurs in the neutrino mass term and thus somewhat similar to the use of the dimension 5 term
for the neutrino mass which also spoils unitarity in general.

If one incorporates gauge interactions to other charged particles in the Standard Model with
the present CPT violation mechanism, the local gauge invariance is lost due to the non-local
coupling. One thus needs to introduce the Wilson-line type interactions to preserve the local
gauge invariance. In this respect, a modified QED with a non-local CPT violating coupling was
analyzed in [3]. It was suggested there that an analysis of the baryon asymmetry of the universe
may be modified by the presence of the CPT violation which induces the particle-antiparticle
mass splitting.
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A Twistor Formulation of Massive Particles

Shinichi Deguchi

Institute of Quantum Science, College of Science and Technology, Nihon University

1 Introduction

In the first “CST and MISC Joint Symposium on Particle Physics”, I gave a talk on (pre-)Hilbert
spaces in twistor quantization [1] and a twistor formulation of tensionless (super-)strings in 4-
dimensions [2]. In the second symposium, I would like to give a report on a twistor formulation
of massive spinning particles in 4-dimensions.

Twistor theory is basically appropriate for describing massless systems with conformal sym-
metry. Nevertheless, there has been an approach to formulating massive particle systems in
terms of twistors [3]. For describing a massive particle, it is necessary to use more than two
independent twistors. Accordingly, an extra symmetry between the twistors occurs naturally.
Penrose, Perjés and Hughston proposed the idea of identifying this symmetry with an internal
symmetry in particle physics, such as weak isospin or flavor, toward explaining internal sym-
metries of particles on the basis of twistor theory. Although this idea is really interesting, its
related investigations have been made yet from neither of mechanical and dynamical points of
view. Recently, my collaborators (S. Negishi and S. Okano) and I have presented an action of a
massive spinning particle written in terms of twistors and have investigated whether or not the
extra symmetry can be considered to be a known internal symmetry. Here I will give a report
on the results of our investigation.

2 A twistor formulation of massless particles

Before treating massive particles, I briefly review a twistor formulation of massless particles [2].
Let Z4 = (w*,7g) be a twistor and Z4 = (7a, @) its dual twistor. A massless spinning free
particle propagating in Minkowski space can be described by the action

I i . _

So = / dr [2<ZAZA - ZAZA> +a(ZaZ - 2s)|, (1)
70

where Z4 and Z4 are understood as complex scalar fields on the 1-dimensional parameter space

T :={7|10 <7 <7}, and a dot over a variable denotes its derivative with respect to 7. Also,

a is a real scalar-density field on 7, and s is a real constant that specifies the helicity of the

particle. The 2-component spinor w® is related with another 2-component spinor 74 by

W = 2%, (2)
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where 2%% are coordinates of a point in complexified Minkowski space, being now treated as
can be decomposed as 2% = 2% — jy*Y with 2@
being elements of Hermitian matrices. Here, 2%¢
(ordinary) Minkowski space. The action Sy can be written as

(670% « and yaa

are identified with coordinates of a point in

fields on 7. The coordinates z

71 . . —. — .
So = / dr | — i%Tama — i (VO Ta — %) + a(To + 714 — 25)] (3)
70
where 1 = y®¥ms and ¢¥* = y*®7T,. Equation (2) can be written as w® = iz%%7s + ¥°.
The canonical momentum conjugate to 2% is found to be Png = 65 / 8% = —F,mg. Then

it follows from 7,7 = mem® = 0 that P.,sP*® = 0. This implies that the action Sy describes
a massless particle. After performing the canonical quantization procedure based on Sy, the
allowed values of the helicity s are restricted to integer and half-integer values in units such that
h=1.

3 A twistor formulation of massive particles

In order to describe a massive particle in terms of twistors, it is necessary to introduce more
than two twistors, ZlA = (wf*, mia), and their dual twistors, Zf4 = (7, 0'). Here, i distinguishes
the twistors, running from 1 to N (> 2). The 2-component spinors w{ are related with 74
by wit = 12, an analog of Eq. (2). The momentum of a massive particle is expressed as
Paa = ZZJL ﬁgmd = ﬁémd [3]. The squared norm of p,s remains nonvanishing even after using

T = migms = 0 (no sum w.r.t. i), because the cross-terms coming from different twistors
still survive: poap™® = ﬁgmdﬁjaﬂf = Zi# ‘derﬂQ. The mass-shell condition can be written
as
ﬁgmdﬁjo‘wf =m?. (4)
Now I generalize the action (1) so that it can describe a spinning free particle of mass m
propagating in Minkowski space. The generalized action is given by
o U (i oA A i =i A 1 ia_d 2
Sm = / dr [Q(Zﬁ,Zi — 7 Zg) +a(Z4Z{ —2s) + Ee(ﬁ;mﬁﬂawf —m?) |, (5)
7o
where e is a real scalar-density field on 7. Variation of S, with respect to e yields the mass-shell
condition (4). In the massive case, s can no longer be regarded as helicity of the particle, and
therefore it is necessary for us to make it clear what s and the condition Z%Z{“ = 25 mean.
The first and second terms in the integrand of 5,,, each of which includes parentheses, are
invariant under SU(2, 2) transformations (or simply conformal transformations), while the third
term is invariant only under SL(2,C) x R'? transformations (or simply Poincaré transforma-
tions). Thus it is seen that the symmetry reduction from SU(2,2) to SL(2,C) x RY3 occurs by

60



Soryushiron Kenkyu

adding the third term. It should be noted here that S,, is also invariant under extra SU(N)
transformations of the form

ZA Uiz, 7Yy — ZLUT (6)
Penrose, Perjés and Hughston proposed the idea of identifying the extra SU(2) symmetry with
weak isospin symmetry and identifying the extra SU(3) symmetry with flavor symmetry [3].

To investigate whether the extra SU(N) symmetry can actually be considered to be a known
internal symmetry, I express the action .5, as

71 . . . —_ . . —_ .
Sy = / dr [ — BT T — LT — V' a) + a(VPTh 4 ' mie — 2s)
T

0

1 . L
+'§6(ﬁ;ﬂ}dﬁjaﬂ?4—-ﬂ12) , (7)
where ¢ = y*Ym; and ' ;= y*@7!. The canonical formalism based on the action (7) is

developed step by step in the following manner: (i) Derive, from S,,, the canonical Hamiltonian
and the primary constraints. (ii) Find the secondary constraints from time evolution of the
primary constraints. (iii) Classify all the constraints into first class and second class. (iv) Define
the Dirac bracket by using the second class constraints. In the quantization procedure, the first
class constraints, ¢y = 0, are read as the physical state conditions $1|LP> = 0 imposed on a
physical state |¥). Here, gZ; 1 denote operators corresponding to the constraint functions ¢;. In
the following, a hat over a variable indicates that the variable is an operator.
From the Dirac bracket, the (non-trivial) canonical commutation relations are found to be

} — isasd [a,fJ(“)} - [é, P@ﬂ —i, [Mwﬁ} — 5P [wa@zﬂ — 5is8, (8)

aq pl
[maa’f% B B’ 1oa? Jran

)
8
where 150(2, P@ and P® are momentum operators conjugate to £®*, a and é, respectively.
The other canonical commutation relations vanish. It is now convenient for us to choose the
following representation of the canonical operators:

PO = g0 a=a, e=e, Tic = Ticy 5 Moy = Ty s (9a)
s@0) _ O pa_ 9 peo_ ;0 sia_ 0 g0
PO[O( Z&xad 9 P Zaa ) P Zae ? ,l/] aﬂ_za ’ /(/JZ aﬁ_& ° (gb)

In this representation, the physical state conditions originated from the first class constraints
take the form of simultaneous equations for a wave function ¥ = u'/(xad, Tic, Ty, @, e):

( afaa + z’y—rgwjd)w =0, (10a)

o 0 N
(s ~ oy +26) =0 o)
(Rhmiam “md —m*)W =0, (10c)
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0¥/da = 0 and 0¥/de = 0. The last two equations imply that ¥ is independent of a and e.
Equation (10c) reduces to the mass-shell condition (4). The function ¥ has to be a Lorentz
spinor so that it will be physically meaningful. Accordingly, s is restricted to either integer or
half-integer values. Equations (10a) and (10b) can be solved simultaneously as

B imdndn = OmnTay  Tar Tjiay * W, €XD (—iﬂﬁﬁﬁﬁjgﬁjg‘) ) (11)
where s = (m —n)/2 (m,n = 0,1,2,...), and Cp,,, is an undetermined coefficient. It should
be emphasized here that the number of ¢’s is equal to that of a’s, and similarly the number of
7’s is equal to that of &’s. It is now convenient to impose the condition C,, = Cy;, so that
Wéﬁll'ﬁ’;m...jn,al.‘.an (z) = Wii::inn;il...z'm,al...am(_33) can be satisfied.

In the case N = 2, it can easily be shown by using Eq. (10c) that
V200, —me W =0, iV206a7TF —mPL =0, (12)

where a suitable phase factor has been chosen. These equations are manifestly covariant under
the transformation (6) in the case N = 2. Equation (12) for ¢ = 1 can be arranged as (iy*0, —
m)y = 0 with the Dirac spinor ¢ := (Wé, W%)T Taking the charge conjugate of 1 and carrying
out the replacement z# — —z# yield ¥(—z) = (¥2(z), ¥{(z))T. With this spinor, Eq. (12) for
i = 2 can be arranged as (iv*9, + m)y°(—z) = 0. It is now clear that ¥} and ¥2 describe a
right-handed particle and its corresponding right-handed antiparticle, respectively, while ¥$ and
Wla describe a left-handed particle and its corresponding left-handed antiparticle, respectively.
Thus it turns out that the index ¢ distinguishes between a particle and its antiparticle. The
extra SU(2) symmetry is concluded to be a continuous symmetry for a particle-antiparticle pair.

4 Conclusion

I have reported on the twistor formulation of massive particles based on the action (5). It has
been clarified that the extra SU(2) symmetry is a continuous symmetry for a particle-antiparticle
pair and can not be identified with weak isospin symmetry. For this reason, it seems that the
idea proposed by Penrose, Perjés and Hughston is not successful at least in the case N = 2.
Investigating the case N = 3 gives an interesting result. I hope to report it elsewhere.
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