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No signature of BSM yet

4 )
No evidence of SUSY anywhere yet: Higgs measurements, DM Direct-Detection, ...

SUSY dead? I personally think still attractive as a solution of the big hierarchy problem
(don’t confuse with ‘little hierarchy’)

attractive points: ) )
natural WIMP DM, solve big hierarchy problem ~ O(10 6) to O(10 ), coupling unification, ...
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9 3
Another fine tuning problem in the SM : strong CP problem — Why .5 < 10717 L= 39,2 TG

Attractive solution : PQ mechanism = Axion : good DM candidate

similarly attractive and don’t require new particles : naturally explain the current situation




Strong CP problem

QCD Lagrangian contains the total derivative term: f-term

~N

4 o0
Lo = 3297_‘_2 GZVGQ"LW =g ‘6’ >—= Z eme|n > O-vacuum
n=—o00
n>—|m > but |0 >—1[0>
Note that 0 is physical () < § < 27
-
Furthermore, chiral tr. ¢ — €'*"5¢q induces § — 0 — 2a

massive fermion mass term is also changed.

Oog = 0 + argdet[M“M?] is invariant under the chiral tr.
x arg det[vOY*Y ¥

Oeft can be measured from Neutron EDM |d,,| = 4.5 x 10 **f.gecm

Why 0. < 1011 2

d°P%] < 2.9 x 10~ %ecm

while the origin of 0 and arg M is completely different

Fine tuning problem



Peccel-Quinn mechanism and domain wall problem

[R. D. Peccei, H. R. Quinn, PhysRevlLett.38.1440]
If the theory has U(1) pg, which spontaneously breakdowns to provide axion, at 1.

2
. pPQ g apv Fya
Due to the anomaly, U(1)pq current is not conserved, 0"j, ™ = 3972 AG"™G,,
nez@PQ ~n+ ia 9
S _ g o Fa . . .
N induces 0L = — c AG*" (3% , induce the potential in the effective Lagrangian
T 3272 ad
2 _ 0,2 _ F.=n/A
Lot = —+GW G, — 29,0000 — I L g, — P9 Gaw o o =1/
4 SO N 3272 F, we 32m2 i A depends on the model (~ N)
at low temperature, QCD instanton effects give an axion a potential and minimizing it gives < a >= —0F,.
Vi 1 — cos( Fia + 0) 0 = Ostrong + OEM T=1GeV Via)
in theta space A
v -
a =a+0F,

! 2nE, ArnkF,

Ot = 0 + = <Zfi;> =2nmt(n=1,...,N)

in <a> space

UW)pg — Zn, N =1 (24 +ui +dy)|
Npw = NpQ [ca. Geng. J. N. Ng, PhysRevD.41.3848] G




Strong CP problem

~B

PQ SOlutiOn Wl'th axion very attractive, provide good DM candidate

. timely: rapid progress of axion DM searches

~Invisible axion models :
: Lo =—yoQLPQr + h.c.
KSVZ Npy =1 heavy Q introduced

no problem but no low energy phenomenology (not interesting)

~

(Kim 1979,
Shifman, Vainshtein, Zakharov 1980)

" two Higgs doublet model,
ZD FS Npp =060 (I)l D, ()‘2 no new fermion necessary introduced

(Zhitnitsky 1980, T can discuss low energy phenomenology
Dine, Fischler, Srednicki 1981) NDM — 3 m(I)l (I)QO'

l only 1 quark coupled to PQ-Higgs
S Npy =1 domain wall problem absent

but suffer from Domain wall problem




up-type specific Variant Axion model

o tield integrated out, the effective theory is just a 2ZHDM

P P UR dg €r Qr, Lt

Type-1 + = - - -~ +

Typel + - | - o+ o+ o+

Type-X + — > - + +

Type-Y + - - + - -
®; @3 g cr ur dg fr Qr Lg
top-specific VA Model + - — + + 4+ + + @+
charm-specific VA Model + -  + — + + + + +
+ -+ + - + + + +

up-specific VA Model

two Higgs easily results in FCNC.
Usually people impose Z2 sym. to avoid FCNC.

to avoid domain wall problem,
we have to assign PQ) charge only one
quark.

when we take up-type VAM,
top/charm/up FCNC is the prediction

[ . ] . \
For example, top-specific case, ®, only couple with ugs
LY = —®1uRy|Yullai®@i — ®ours|Yuol|:Q; + h.c.
1URa[Yur]ai Qi 2 Yol Qs other quarks only couples with (I)l
X ok ok 0O 0 O
Yai=|*x = x|, Yo=10 0 0
0 0 O x %k _tan 3
Y diag — —tan vdiag 1 (tan B + cot ) H, Y328,
cot 3
mix with [
0 0 0 0 0
in higgs basis YSM Y/’ HuV( 0 )VT( 0 )%%(0 1—cosp sinp )
U A 1 1 0 sinp cosp—1
\_ Y, B




g-2 In Lepton-specific 2ZHDM

muon g-2, long standing 3o level anomaly A(I — E)\P /bl\l (262 T 85) X 10_“

order 10 9 positive deviation

lepton-specific (type-X) 2ZHDM with light A is known as a solution

9 h,H,AH=>

| Gpm,
A VAM,1=loop _
A”u 1\/‘3"-’ Z \;1;1) ’u{ (’u)
h.H. A t.be
, , ( [Ill ()
, VAM,BZ e rem P I
_\(I/r o l\/- 2 T E : 2 : N Qf\m‘“ff f(/

2loop can dominates by large yukawa compared with i

In lepton-specific 2HDM model, tanp enhanced tau contribution is crucial.
mA ~ 30GeV and tanf ~ 40 will give a enough contribution -> require large tanf
It is known that LHC constraints are weak as all quark couplings to heavier bosons are suppressed.

W ->H+ A, Z > A H etc, and Z -> tau tau A, would be the dominant production we can constrain



g-2 In Lepton-specific 2ZHDM with VAM

VAM is essentially just a 2HDM with various PQ charge assignments (only one qiz PQ charged)

lepton sector is irrelevant to the strong CP problem nor domain wall problem

lepton yukawa has to be enhanced to accommodate muon g-2 & corresponding VEV is small (tanp>>1)

€ (I)l (PQ — +1) “‘1\)..'(11\),

H CRsSR

. 5 (PQ = 0) trR,bR



g-2 In Lepton-specific 2ZHDM with VAM

VAM is essentially just a 2HDM with various PQ charge assignments (only one qiz PQ charged)

lepton sector is irrelevant to the strong CP problem nor domain wall problem
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¢ (PQ = +1) UR,dR
to enhance lepton yukawa
[ Vo <K Uq CR,SR

= Do (PQ = 0) tr.OR



g-2 In Lepton-specific 2ZHDM with VAM

VAM is essentially just a 2HDM with various PQ charge assignments (only one qiz PQ charged)

lepton sector is irrelevant to the strong CP problem nor domain wall problem

lepton yukawa has to be enhanced to accommodate muon g-2 & corresponding VEV is small (tanp>>1)

[

(I)l(PQ — +1)v

to enhance lepton yukawa

fee Vo <K V1

(I)Q(PQ = 0)

UR,dR

[N CR,SR

e

to avoid non-perturbativity



g-2 In Lepton-specific 2ZHDM with VAM

VAM is essentially just a 2HDM with various PQ charge assignments (only one qiz PQ charged)

lepton sector is irrelevant to the strong CP problem nor domain wall problem

lepton yukawa has to be enhanced to accommodate muon g-2 & corresponding VEV is small (tanp>>1)

- T T TN

B (PQ = +1),, 4 up.dR
I
L

to enhance lepton yukawa N .

|

|
. |
T Vo K U1 el CR,SR !
~ L g /
|

|

T . P2 (PQ = 0) . ‘1)1?

to avoid non-perturbativity

to avoid domain wall

the 3rd gen. part becomes identical to the type II 2HDM -> very constrained by LHC via bbA production
also by Bs—=pp
not viable possibility
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VAM is essentially just a 2HDM with various PQ charge assignments (only one qiz PQ charged)

lepton sector is irrelevant to the strong CP problem nor domain wall problem
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. (PQ = +1) UR,dR

Ahamce lepton yukawa
V1 <K V9

CRsSR

1L
= Do (PQ = 0) tr.OR
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constraints

to avoid non-perturbativity
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VAM is essentially just a 2HDM with various PQ charge assignments (only one qiz PQ charged)

lepton sector is irrelevant to the strong CP problem nor domain wall problem

lepton yukawa has to be enhanced to accommodate muon g-2 & corresponding VEV is small (tanp>>1)

®, (PQ = +1) uR,dr

/toe;hance lepton yukawa
V1 <K V9

CR;SR

1L

o Bs -> mumu
T (1)2 (P Q — 0) < tl t ‘@ constraints

to avoid non-perturbativity



g-2 In Lepton-specific 2ZHDM with VAM

VAM is essentially just a 2HDM with various PQ charge assignments (only one qiz PQ charged)

lepton sector is irrelevant to the strong CP problem nor domain wall problem

lepton yukawa has to be enhanced to accommodate muon g-2 & corresponding VEV is small (tanp>>1)

/toe;hance lepton yukawa
V] K V2 “CR.

e
e
ws®
s*
(L
L
.
.
.
.
.
.
.
.
.
(L
.

o 4 Bs -> mumu
T (I)Q (P Q = ) < tl t ‘@ constraints

to avoid non-perturbativity

several choices, but up-specific is most interesting possibility



g-2 In Lepton-specific 2ZHDM with VAM

Aa, = a*" — ™M = (262 £ 85) x 107"

p @y
order 10 -9 positive deviation

without pre-factor, O(1) positive contribution required

hH,Atbc

Gor )1.11 AH* . G2 o
A(I[\l AM,1-loop _ FI - Z (gm,) f,( “) A”I\l‘\.l,l/ I\If_ Z Z NSQREL €1 rigi(r)
1[ :
each numerical contribution without the pre-factor (m=1 TeV) £ ST e gt St P
\ - n Sy RIL T Sy rRJIL ™ '\fr RrRJL
fermion (y}’._q}‘) (r ”q}’ r}‘_q}‘) X(n;'\"f'(‘_)i‘}/fr sign of (d7,04)
£7, S3—-absp + Ca-alryp
1-loop 7 (17, -16) [(1.9, -1.8)-1077[ (1.9, —1.8) - 1077 (4, —) 5 W ca_abyy = 8p—alysrs
/ (—12,15.9) [(—3.6,4.7) - 10| (—1.1,1.5) - 103 (—, —) 37 ALY/ R
c (—118,140)|(=1.9.2.3) - 10~ 4| (=5.9.7.1) - 107 ( @ ,
(tan 3 + cot 3)YH,, ;¢ (for [ u) .,
2-loop u (—282,330)((—1.5,1.7) - 107 ?|(—4.6,5.4) - 107 '? (= =) St B0,y — (tan S+ cot ) Huype  (for £ =0.8)
. ) Crrr < o . o
b (—87,105) [(—1.5,1.8) - 1073 (—~1.1,1.4) - 10~6 ( o cot 38, (for f = d. 5.b)
- (—109,130)|(—3.4,4.1) - 1074 (—=8.0,9.6) - 10~ 7 (— ~ Corf = ot

2-loop - 1/m2 = mA ~ 15GeV gives 4x10° enhancement, with (tanB~40)2 gives another 2X103 enhancement

c: opposite sign, b: distavored by Bs—up, so Tt would be the only possibility = u is only possibility PQ charged

9



g-2 In Lepton-specific 2ZHDM with VAM
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2-loop « 1/ m2 = mA ~ 15GeV gives 4x10° enhancement, with (tanB~40)2 gives another 2X103 enhancement

c: opposite sign, b: distavored by Bs—npu, so T would be the only possibility = u is only possibility PQ charged

for muon g-2 introducing mixing doesn’t help to accommodate the lepton universality constraints

including Bs—up, small mixing p, = 7/100 slightly improves the fit, large mixing is disfavored 9



t->u A, A->tautau

even for slight mixing provides large BR(t—uA) ~ O(10%)

A decays dominantly to Tt about 100%

LHC searches for bbA, A—trt, in the context of MSSM.

CMS searches at 8TeV is the most constraining: using purt, et, ep modes

the kinematics is different between tuA and bbA

e u7, channel: exactly one pu and one 7, with opposite charges:

prou > 18 GeV, |n,| < 2.1 and pr,, > 22 GeV, |n,, | < 2.3,

AR(u,m) > 0.5,

.\17'([)'["‘,. ﬁ]) < 30 (;(.'\".

e ¢7, channel: exactly one e and one 7, with opposite charges:

pre > 24 GeV, |n,| < 2.1 and pr,, > 22 GeV, |1, | < 2.3,

AR(e,m,) > 0.5,

My(pr.e. Pr) < 30 GeV,

e ¢ channel: exactly one pu and one e with the opposite charge:

(pru > 18 GeV, pr. > 10 GeV) or (pr, > 10 GeV, pr,. > 20 GeV),

In. < 2.1 and 5| < 2.3

AR(e, pt) > 0.5, Mr(pre + pro.Br) < 25 GeV, P, — 1.85P > —40 GeV,

efficiency is in general higher due to pr - cut

efficiency quickly goes down due to A R cut

when m4 — 0

BR(t—uA) < 0.2% (mA>25GeV), 10% (mA=15GeV)
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boosted A -> tautau

The reason for rapid drop of the efficiency is due to the overlapping t’s due to the boost

T-tagging PRI R — 05
¢" ' A
s’ y '
L 4 ] 1
¢” ! 1
¢" 1 !
1 -
s ! R = 0.1 (core)
~ ]
§~~ T !
~~~ “ |
~~~~ ' I'
~~ s 4

11



boosted A -> tautau

The reason for rapid drop of the efficiency is due to the overlapping t’s due to the boost

T-tagging

IS Y

AN

R=0.5

A
) |

E(R )
= > 0.95
0.1 (core) !~ EE®=05
0.5 usual 1solation fails
0.1 (core)  muytual isolation
[A. Katz, M. Son, B. Tweedie, PRD 83, 114033(2011).]
0.1 (core 2) if core 1 is removed, the rest is 1-tagged

if core 2 is removed, the rest is also t-tagged

/
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boosted A -> tautau, =

The reason for rapid drop of the efficieng&ié&{ﬁéto the overlapping t’s due to the boost
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Flavor violating Heavy higgs decays

u.ctdsbeur

For my > m; and tan > 1, we have L3 Z,I
=

e Fog! F ol oy it F oy
L (g hTnfy + €y H Iy + i€y AFrfy) + e,

BR(H — tu)  m? 3sin? p,
BR(H —711) m2 2

. ho
. (120 . SIn pu)Q §ipr = 8p-alyp + Ccg-alyyr
E}'; = cg-alfy — Sg-alyyr
A
&ty = T )y

the flavor-violating decay H — tu dominates for p, < 1/120. Copr = cot By (for f =d,s,b) ,
—tan 3 d;y (for f =e,pu,71)
Cuu = —tan 8 — (tan 3 + cot §) eos p; ol ,
0 (e =cOt 3,
age 3 = cot § — (tan 3 + cot § -
up-specific VAM Cu ( ) 2
sin py,

Cul = Cu = (tan3 + cot 5)

tanp=40 2

1073} ;

p I \ / very striking signature of the model
10 —

0 002 004 006 008 01 012
py [rad]
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u-specific VAM with muon-specific lepton sector

An extreme model: muon-specific 2ZHDM to accommodate muon g-2 [T. Abe, R. Sato, K. Yagyu JHEP 1707, 012 (2017)]

only muon yukawa is tanfy enhanced ~ 3000
better fit against the lepton universality constraints
constrained by multi-muon searches at LHC (A/H—up 100%)

VAM is essentially just a 2HDM with various PQ charge assignments (only one qz PQ charged)

lepton sector is irrelevant to the strong CP problem nor domain wall problem

muon yukawa has to be enhanced to accommodate muon g-2 < corresponding VEV is small (tanf3>>1)

to enhance lepton yukawa
Q U1 < U2 ;( RS 1{,..-"

& Bs -> mumu
@ > (I)Z(PQ — O) < tR constraints

to avoid non-perturbativit
100r I pe

107" g

in this setup, suppressed muon BR to accommodate LHC constraints g
>T< ~ up- and muon-specific VAM
- =

0'2;
BR(A — tu) - BR(H — tu) - m? 3sin® p, ~ (2000 - p,)? ng
BR(A — pp)  BR(H — pp)  m2 2

-4

—

10 50,0005 0.001 00015 0,002 0.0025 113
py [rad]



conclusions

strong CP problem = domain wall problem

= variant axion models (only 1 right-handed quark PQ charged)

Lepton sector has freedom for PQQ charge assignments and muon g-2 anomaly can be accommodated
by assign PQQ charge to all leptons mA~ 15GeV, tanff ~ 40

by assign PQ charge only to muon mA~ 1 TeV, tanf ~ 3000

For light A case, t ?uA, A—tt current constraints marginal

using boosted di-tau-tagging improves sensitivity significantly

For both cases, flavor violating heavy higgs decays would be the signatures of this model.
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