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Experimental constraints

Direct search at LHC

model-dependent but...

>

Y

Mgluino

Mstop < > 700GeV

1.5 TeV, msguark 2 1.3 TeV

s mass is around 125 GeV

MSSM prediction

m; < M cos”

2/ 2
My, (Migtop, At /tan 3

loop correction

ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

Status: Feb 2015 Vs=7,8TeV
Model &M Ty Jets EP™ [raam™) Mass limit Reference
MSUGRAGMSSM 0 26jets  Yos 203 |G 17TeV m@)-m(z) 1405 7675
0 26jets  Yes 203 |d 850 GeV m(E)=0GeV, mu“ gen. q)=m(2" gen.q) 14057875
2 1y Otjet Yes 203 |[@ 250 GeV migm(} 1411.1559
5 o 26jets  Yes 203 |& 133 TeV mErotey 14057875
] Teu  36jets  Yes 20 |& 12Tev m(F)<300 GeV, m(F*)=0.5(m(¥})+m(z) 1501.03555
B 2eq O03jels - 20 |z 1.32TeV m(h=0Gev 1501.03555
g GMSB (ZNLSP) 1-27+0-1¢ 02jets  Yes 203 & 1.6TeV. tang >20 1407.0603
g GGM (bino NLSP) 2y - Yes 203 |& 1.28 TeV m(i!)>50 GV ATLAS-CONF-2014-001
J  GGM (wino NLSP) Tepusy Yes 48 m(¥})>50 GeV ATLAS-CONF-2012-144
£ GGM (hige -bino NLSP) Y 1b Yes 4.8 m(!)>220 GeV 1211.1167
GGM (hige NLSP) 2ep(Z) 03jets  Yes 58 m(NLSP)>200 GeV' ATLAS-CONF-2012-152
Gravitino LSP 0 monojet Yes 203 [ AVEscale 865 GeV MG)>18 107 oV, m(z)=m(7)=1 5TeV 150201518
N gdbeq 0 3b Yes 201 |& 1.25TeV. m(iY)<400 GV 1407.0600
g3 eif] 0 710fets  Yes 203 | & 14TeV. () <350GeV 1308.1841
= E i Olep 36 Yes 201 |& 138 TeV m(})<400 GeV 1407.0600
LR A Oten 3b  Yes 201 |& 13Tev m(E4)<300 GeV 1407.0600
biby, 5,4;.;4’ 0 2h Yes 201 |y 100-620 GeV mm<soaev 1308.2631
€8 bbbt 2eu(SS) 036  Yes 203 |h 275440 GeV 14042500
S8 i, bt 12en 126 Yes 47 |7 AOSGTIGEV | 230460 GV 12092102, 1407.0583
3~§ af, Wi or i) 2ep O2jets  Yes 203 |h  90-191Gev 215-530 GeV 1403.4853, 14124742
< A, ,‘_.,,y 01en 12b  Yes 20 |# 210-640 GeV' m 1407.0563,1406.1122
83 @i, 0 monojevetagYes 203 [ 90-240 GeV mii,)-m(E})<85 Gev 1407.0608
T .% i 1na(ural amiss) 2e4@  1b  Yes 208 @ 150-580 GeV/ m(E)>150Gev 1403 5222
[ Sepl?) b Yes 203 @ 290600 GeV. m(i)<200GeV 14035222
2epu 0 Yes 203 |7 90-325 GeV m(F=0Gev 14035294
2ep 0 Yes 203 [} 140-465 GeV. m(F})=0 GeV, m(Z.7)=0.5(m(¥{ jsm(F})) 14035294
27 - Yes 203 | 100-350 GeV m(})=0 GeV, (. 7)=0.5(m(F} Jem(E})) 1407.0350
A[qu:(w), LY 3en 0 Yes 203 |FpE 700 GeV mw‘)-mp\")‘ mw).n m(( 7)=0.5(m(¥}em(i) 1402.7029
wa 7 23en  O2jets  Yes 203 | 420 GeV 79)=0. sleptons decoupled | 14035204, 1402.7029
ﬁWX|hX| L h—bb/WW/rt/yy €KY 02h  Yes 203 |0 250 GeV ¥1)=0, sleptons decoupled 1501.07110
xzxx 3 iRl dep 0 Yes 203 JL 620 GeV mw‘;.mw’;, m()=0, m(Z.7)-0 S(m(E) m(i)) 14055086
Direct ¥{¥] prod., long-lived ¥  Disapp.trk  1jet  Yes 203 |&F 270 GeV. m(E)-m(i})=160 MeV, r(¥1)=0.2 ns 1310.3675
B g Stable stopped z Rhagron 0 15ets Yes 279 | 832 GeV (=100 GeV. 10 us<r(R<1000's 13106584
| Sevez e trk - -1 |E 127Tev 14116795
Eg GMSB, stable 7, V| —~#(@,@)r(e.) 124 - - 191 |8 537 GeV 10<tanB<50 1411.6795
SS ouss, =G, long-lived ¥ 2y - Yes 203 |# v 2r(E})<3 ns, PS8 model
3, ¥ —qqu (RPV) 1p,displvix - - 203 |@ 1.0TeV 1.5 <cr<156 mm, BR(:)=1, m(¥})=108GeV | ATLAS-CONF-2013.082
LV ppsvs + X.Frre b4t 2ep - - 46 12121272
> Bilinear RPV CMSSM 2e,u(SS) 0-3b Yes 203 @z 1.35TeV 1404.2500
QB Wi x, e, euve e - Yes 203 |#p 750 GeV m(7))>0.2xm(F; 14055086
C R W B e, ST - Yes 203 |F 450 GeV mE)>0.2xm(E}), 413320 14055086
&-q4q o 67 jets - 203 I 916 GeV' BR(1)=BR(b)=BR(c)=0% /ATLAS-CONF-2013-091
gont fi—bs 2e4u(88) 03b Yes 203 |& 850 GeV/ 1404.250
Other Scalar charm, é—ct) 0 2c  Yes 203 |& 490 GeV I mii})<200 Gev 1501.01325
/s =8 TeV. -1
R 1 Wass scle 1]

“Only a selection of the available mass limits on new states or phenomena is shown. Al limits quoted are observed minus 1o theoretical signal cross section uncertainty.
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Experimental constraints

ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

Status: Feb 2015 Vs=7,8TeV
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@ GGM (bino NLSP) 2y - Yes 203 [ 1.28TeV miF})>50Gev ATLAS-CONF-2014:001
3 GGM (ninoNLSP) Teury Yos 48 m(E}50Gev ATLAS-CONF 2012144
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@it Oley  3b  Yes 201 |& 13TeV m(i)<300 GeV 1407.0800
c 0 2b Yes 201 |y 100-620 GeV m(i})<90 GeV 1308.2631
% S 2eu(SS)  03b  Yes 203 |b 275-440 GeV 2mit}) 1404.2500
S35 12ep  12b  Yes 47 | v (i), m(})=55 GeV. 12092102, 1407.0583
O e - e e n e n u 83 2eu  02jets  Yes 203 |& 90-191 GeV. 215-530 GeV/ (7)=1 Gev 1403.4853, 1412.4742
‘ ' I g8 Olep 12 Yes 20 | 210-640 GeV. 1Gov 1407.0583,1406.122
e o o S5 0 monojetictagYes 203 |y 90-240 GeV i) <85 Gev 1407.0608
¢ % 2en(d 1b Yes 203 7@ 150-580 GeV m(F{)=150 GeV. 1403.5222
3eu(2) 1h Yes 203 |7 290-600 GeV m(F{)<200 GV 1403.5222
2en 0 Yes 203 90-325 GeV m(E)=0GeV 1403.5294.
2en 0 Yes 203 140-465 GeV/ m(E7)=0 GeV, m(Z.7)=0.5(m(¥i)sm(F}) 1403.5204
=% 27 - Yes 203 100-350 GeV (=0 GeV, m(r.7)=0.5(m} o) 1407.0350
B ). (5T.L) 3en 0 Yes 203 700 GeV m(Em(E), mE)-0, miZ. )-0.5(m(i: am(i)) 14027029
S W ZY) 23epu  O2jets  Yes 203 420 GeV. M ) =m(id) 14035294, 1402.7029
R WART), hobb/ WW/Tefyy €1 02b  Yes 203 250 GeV/ 1501.07110
2085 i dep 0 Yes 203 620 GeV 14055086
m ° e m e Direct ¥{¥; prod., long-lived ¥;  Disapp. trk 1 jet Yes 203 270 GeV m(¥;)-m(F})=160 MeV, r(¥)=0.2 ns 13103675
u ’I/ n O . S u a / , ? . Stable, stopped ¢ Rehacon ISiels  Yes 279 89266V E2)-100 GV, 10 s<r<1000's 1s108564
mJ 7 mJ Stable  R-hadron - - tea 127Tev 18116795
GMSB, stable 7, ¥/ —#(. 19.1 537 GeV. 10<tang<50 14116795
GMSB, ¥ -G, long-lived ¥{ Yes 203 435 GeV 2<r(F})<3 ns, SPS8 model 1409.5542
3, ¥ —qqu (RPV) 1p,displ. vix - - 203 1.0 Tev. 1.5 <cr<156 mm, BR(:)=1, m(¥})=108GeV | ATLAS-CONF-2013-092
LFV ppste + X, Femre 4t 2en - - 46 £,,=0.10, 113,005 1212.1272
> Bilinear RPV CMSSM 2e,u(SS) 0-3b Yes 203 3 1.35TeV ) 3 1404.2500
a BT WY, X e, euv, depu Yes 203 750 GeV ! 14055086
T R H WD ey, Sentt - Yes 203 450 GeV mE02xm(E), 11170 1405.5086
&—q99 ] 67 jets - 203 916 GeV BR(1)=BR(k)=BR(c)=0% ATLAS-CONF-2013-091
m e gohit, fi—bs 2e.u(SS)  03b  Yes 203 850 GeV'
8 t Op N Other Scalar charm, z—ct| 0 2¢ Yes 203 |& 490 GeV I m(F)<200 Gev. 1501.01325
=8TeV -1
R ‘ Mass scal 1oV

“Only a selection of the available mass limits on new states or phenomena is shown. Al limits quoted are observed minus 1o~ theoretical signal cross section uncertainty.

Higgs mass is around 125 GeV 1

MSSM prediction
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Is SUSY really the origin of the EW scale?

low-scale SUSY

not easy

but possible

effective SUSY

heavy 1,2 generations

light 3 generation

focus-point SUSY

EW scale naturally realized
by specific mass spectrum

extended MSSM nggs diSCOvery
NMSSM ahd
MSSM with U(1) .
severe constraints




s SUSY really the origin of the EW scale?

low-scale SUSY |

not easy Yes No high-scal Y
but possible \ | (split SUSY)
respect onl
effective SUSY P y
heavy 1,2 generations unification,
light 3 generation DM
focus-point SUSY
EW scale naturally realized
by specific mass spectrum my ta I k
extended MSSM Higgs discovery
NMSSM 3 ﬂd
MSSM with U(1)
severe constraints




In high-scale SUSY scenario,

gauginos: a few TeV
sfermions; O(100)TeV



In high-scale SUSY scenario,

gauginos: a few TeV
sfermions; O(100)TeV

- 12b5-GeV Higgs mass is realized by small tan 5.

(Cabrera, Casas, Delgado, | |'; Guidice, Strumia, | |'; Hall, Nomura, |1
Arkani-Hamed, Gupta,et.al, | 2’ Ibe, Matsumoto, Yanagida, | 2’; etc.)

+ gauge coupling unification has been studied well.

(Arkani-Hamed, Dimopoulos, 04’ Giudice, Romanino 04'; Hisano,Kuwahara,Nagata, | 3’; etc.)

- DM may be wino.

- Constraints from flavor physics are relaxed.
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doublet-triplet splitting (broton decay),

how to generate baryon asymmetry,
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In high-scale SUSY scenario,

there are still some Issues:
Motivation of our model

how to realize the fermion mass hierarchy
from Yukawa unification (GUT),

how to prove such a high-scale physics,

doublet-triplet splitting (proton decay),

how to generate baryon asymmetry,

and so on.



In minimal SO(10) GUT, all SM fermions are from 16

| introduce extra matters to realize top-bottom hierarchy:

16 10

SM particles are the linear combinations of these 2 fields.

lerarchy between top and bottom quarks are realized.

' -+ /' Interaction from SO(10) relates to the hierarchy,
and GUT could be tested by flavor physics!



Setup



Standard Model (SU(3)cxSU(2).xU(1)v)

spin-1/2 spin-1 spin-0

quarks su(3)echarged EM-charge gy(3). gauge Higgs

Y c t e C((((((Q H

gluon
| SU(2)ux U(l)y  breaks

; 3 b a7 | , SU(2)x U(T)y
I 3 pto e .  massive

v, Vu Vt 0

............

carry forces



---------

SO(10) Embedding: su@). x su(2), x U(1)y x{U(1)xi = SO(10)
slightly extended SM

spin-1/2 spin-1

--------

%uarﬁs SU(3)e-charged EM-charge gu(3)c gaug\e A
" o t | +2/3 ((((.
d s b | -1/3
Extra Higgs
[bptons ‘ H
7 o
A Vi Vs 0 breaks
SU(2)cx U(T v -
H.
® -

Ext

710
GSO('I 0)

W./

16, 16, 16,

matter also unified




This looks elegant and we expect the GUT exists at the high scale.

But we can easily notice that

It Is not simple to realize the realistic Yukawa couplings in the GUT.

! only 3 matters ) oredict same mass matrices
.I 6 .I 6 'I 6 —- of (u,c,t), (d,s,b),(e,u, T)
1 2 3
% ) _ ho CKM mixing )
y;j16'16710y B viQuukHu +yijQpdrHa + yijlyepHa

m: = my (tan 8 ~ 1)



There are several ways to solve this problem:

Introduce higher dimensional operators

(Georgi, Jarlskog, 79’, etc.)

Introduce extra matters(quark/lepton), Higgs fields

(Ellis, Gaillard, 79’; Lazarides, Shafi, Wetterich, 81°;Barr 81’ etc.)

Consider Iarge tanB (Banks, 88’; Olechowski,Pokorski, 8 I’;etc..)
Ot =0.02 0Ot=-0.08

60 TTY . l I I
LA ' (Tobe,Wells, 03’)
55 Z';:!\N\_*. ' n
tan B 50 ;—‘?—F_—:j{ e -
s ————
45 B .‘__'x.‘:- =
\ . \
40 ! |

01 -005 0 005 01 015 02
Ob



There are several ways to solve this problem:

Introduce higher dimensional operators

(Georgi, Jarlskog, 79’, etc.)

Introduce extra matters(quark/lepton), Higgs fields
(Ellis, Gaillard, 79’; Lazarides, Shafi, Wetterich, 81°;Barr 81’ etc.)

Consider Iarge tanB (Banks, 88’; Olechowski,Pokorski, 8 I’;etc..)
Ot =002 dt=-0.08

disfavored 60 T
by 125-GeV Higgs

| |

|
(Tobe, Wells, 03’)

55

tanB =0

45

40 - 1 .
-01 =005 0 005 0.1 015 02

Ob




minimal setup

- matters N

-------------------

............................




et me add extra matters (101, 102 1053)
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et me add extra matters (101, 102 1053)

p matters N
] 61 ] 62 ] 63 t b (A
1 01 1 02 1 03 b’ T’ 2% X3

Then SM particles are given by the linear combinations:

(B5) 50 >= b > B |(B5)sar >= (cos 0,)[bf > +(sin 6, g

“The GUT relation’ is broken.



-X)_3rd generation

In minimal SO(10) GUT, m: ~ my, (tan 8 ~ 1)

Observed value: = ™y ~ my; x (1/60)



-X)_3rd generation

In minimal SO(10) GUT, m: ~ my, (tan 8 ~ 1)

Observed value: = ™y ~ my; x (1/60)

Improved prediction:

[(b%) s >= (cos 8y)|b% > +(sin 6y) |05 >

my = My x( COS@b) small cos 6 v required



The detail of the mass mixing

top: m Tty

“extra” quarks

---------------------------------------------

bottom: ™ b b +M b b +Mlob}z R

---------------------------------------------

from
g" 162-103- 110,10,

develop nonzero VEV

Diagonalizing this mass matrix, we get the bottom quark mass.



How test this GUT?

Hints

There is Z’ from SO(10).

Z’ interaction is flavor-dependent because of the fermion mass hierarchy.



This Is because

( )

d and 'di carry different U(1)x charges

. J

U(1)x-charge states




ThlS iS because (YO, J. Hisano, Y. Muramatsu, M. Yamanaka)

( )

d and 'di carry different U(1)x charges

. J

U(1)x-charge states

mass eigenstates

down—type quarks ' _
s >= Uyl > +U -2 >
d«
c < (d)sm|Qx |(dR)sn > ik

d Flavor violating!



How test this GUT?

Hints

There is Z’ from SO(10).

Z’ interaction is flavor-dependent because of the fermion mass hierarchy.

If Z’ resides around SUSY scale (~1007TeV),
We can test the SO(10) GUT by flavor physics!



Our Predictions

Left-handed leptons and right-handed down-type quarks have FCNCs.

FCNCs relate to the fermion mass hierarchy and CKM.




Our Predictions

Left-handed leptons and right-handed down-type quarks have FCNCs.

FCNCs relate to the fermion mass hierarchy and CKM.

finite Z-Z° mass mixing predicted
N 1,1

C ) db 3) (e) d d (e)
é Z

_/

Adl

(eil) dir djr (ejL) (e2L) d2R Q d4r (e4L)

Roughly speaking, o< mf’l X m;.“

For instance, (b,s) element is relatively large



(s.d) vs. (d.d)

Our Predictions for A}

Blue points: higher-dim. ope. < 0.001

Red points: higher-dim. ope. < 0.01
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d
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We need extra contributions
to be realist

large (s,d) element

0.6}
0.4}
-3 |
X
& 02}
0.0} ‘38
_0.2}
02 04 06 08
d
Re(Asd)

down quark is mainly from 10 representation !




Our Predictions for A{;
(b.d) element

(b.s) element

Blue points: higher-dim. ope. < 0.001
Red points: higher-dim. ope. < 0.01

very large because of mb and ms!
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Flavor Physics



Deviations in K-K
compared to the SM predictions

)&

dr SR

SR dr

e

complex
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For example, CKM fitter collaboration suggest |dex| < 0.3

(arXiv: 1309.2293)



Deviations In rare K decay

KL—mov vwill be measured by the KOTO experiment.

SR >— dr




BR(K* » m*vv)x10™

0.823|

Deviations In rare K decay

KL—mov vwill be measured by the KOTO experiment.

MZ’ = 100 TeV

|5€K| < 0.3
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BR(K, - °vv)x10™

Mz = 36TeV
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deviations of KL= u u,ue, K>mov vare at most O(1)%.
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Deviations In Bs)-Bis)
compared to the SM predictions
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Deviations In Bis)-Bis)

compared to the SM predictions
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The deviation of Bs-Bs mixing reaches 10 % if Z"mass O(10) TeV.



| epton Flavor Violations




U %36 Blue points: higher-dim. ope. < 0.001
Red points: higher-dim. ope. < 0.01
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Summary



. | discussed SUSY SO(10) GUT.

| 25GeV Higgs mass

flavor violating
O(100)-TeV Z

realistic Yukawa

* This setup can be tested via K and u physics.

€K, U= 3e and H-e conversion are relevant.
(Mu3e and COMET experiments may discover.)

deviations of KL— UM, e, K= Ttovvare at most O(1)%.

* It Z' has lower mass, B and 7 become important.
deviations of AMss can reach 10% if Z’~30 GeV, but AMgd less than 10%.

deviation of B(s) =MW is a few percent. Thank you



Backup



Note
The mixing between 10 and 16 can realize the

hierarchy between top and bottom.

(High-scale SUSY predict small tan )

But It is difficult for only the mixing to achieve the
all elements of realistic Yukawa coupling.

m
(mixing) = tan ﬁ(VCKM)ubm—b > 1

We are adding Higher-dim. operators

»

(hui; +::f(_i_{j":’)QLiD%de + (hy i +(§1€Zj})LL-ztEf?de
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The deviation of B(s)—u u is a few percent.



