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Reappraisal of SM



SM

— -

e Poincare symmetry: E, P,J

conservations & Boost e Gauge interaction: Universality

e Local gauge symmetry e Schematically looks like this!

SUB)- X SUR2); X U(l)y
e SM fermions: chiral (L # R)

e Global symmetries (B, L;, L) :
Accidental symmetry of the

SM — Reasons for longevity
of proton and very small
neutrino masses




SM for particle physics
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Lyrsyp = —292 TI‘GM,/G'LL — —292 TI‘W/W WH
1BBW 'HTG GM 4+ M2 R

+DuHI? + QiipQ; + UsipU; + Diilp D; Renormalizable part
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+LiipL; + EjiDE; — 3 (HTH — %)

4+ oo # of higher dim (honrenormalizable) operators
(why neutrinos are light, proton lives very long)

QFT + conservation laws (symmetries):
- E,p,J + Special Relativity : Poincare sym

- Exact charge conservation :local gauge sym
- No global symmetries imposed : accidental




Current Status of SM

Only Higgs (~SM) and Nothing Else so
far at the LHC

Yukawa & Higgs self couplings to be
measured and tested

Nature is described by Quantum Local
Gauge Theories

Unitarity and gauge invariance played
key roles in development of the SM



Building Blocks of SM

e | orentz/Poincare Symmetry

e | ocal Gauge Symmetry : Gauge Group
+ Matter Representations from Exp’s

e Higgs mechanism for masses of weak
gauge bosons and SM chiral fermions

e These principles lead to unsurpassed
success of the SM in particle physics



Accidental Sym’s of SM

 Renormalizable parts of the SM Lagrangian conserve baryon #,
lepton # : broken only by dim-6 and dim-5 op’s —>“longevity
of proton” and “lightness of neutrinos” becoming Natural
Consequences of the SM (with conserved color in QCD)

e QCD and QED at low energy conserve P and C, and flavors

* In retrospect, it is strange that P and C are good symmetries of
QCD and QED at low energy, since the LH and the RH fermions
in the SM are independent objects

e What is the correct question ? “P and C to be conserved or not
?” Or “LR sym or not ?”



How to do Model Building

Specify local gauge sym, matter contents
and their representations w/o any global sym

Write down all the operators upto dim-4
Check anomaly cancellation
Consider accidental global symmetries

Look for nonrenormalizable operators that
break/conserve the accidental symmetries of
the model



If there are spin-1 particles, extra care
should be paid : heed an agency which
provides mass to the spin-1 object

Check if you can write Yukawa couplings
to the observed fermion

You may have to introduce additional
Higgs doublets with new gauge
interaction if you consider new chiral
gauge symmetry (Ko, Omura, Yu on chiral
U(1)’ model for top FB asymmetry)

Impose various constraints and study
phenomenology



Motivations for BSM



Pheno’cal Motivations

e Neutrino masses and mixings

Leptogenesis

e Baryogenesis

¢ [nflation (inflaton) Starobinsky & Higgs Inflations

?

® Nonbaryonic DM | Many candidates

e Origin of EWSB and Cosmological
Const ?

Can we attack these problems ?




Theoretical Motivations

* Fine tuning problem of Higgs mass parameter : SUSY, RS, ADD, etc.

e Critical comments in the Les Houches Lecture by Aneesh Manohar
(arXiv:1804.05863)

e Standard arguments :

- Electron self-energy in classical E&M vs. QED

- Amy without/with charm quark

- Am? = mj%i — 730 without/with p mesons

- They are simply wrong !



No-lose theorem for LHC

e Before the Higgs boson discovery, rigorous arguments for LHC due to
the No-Lose theorem

e W/o Higgs boson, W, W, — W; W, scattering violates unitarity, which is
one of the cornerstones of QFT

e Unitarity will be restored by
- Elementary Higgs boson
- Infinite tower of new resonances (KK tower)
- New resonances for strongly interacting EWSB sector

- Higgs is there, but not observable if it decays into DM (2007,2011,..)



My Personal Viewpoints

- Traditionally, Fine Tuning or Naturalness problem
was the driving force for many BSM, and predicted
many signatures @ LHC

- No signatures @ LHC means that the traditional
motivation is not that well motivated

- Mathematical and Theoretical Consistency : more
important for BSM model buildings

- Unitarity is one of the Holy Grails in EFT approach



Flavor Physics for
(B)SM




Energy vs. Intensity
Frontiers: Complementary

Direct Production

Of new heavy particles

Energy Frontier
SUSY, extra dim.

Composite Higgs
= LHC, FHC

Intensity Frontier Indirect Quantum Effects of
Hidden Sector

9 Fixed target facility  MiAu heavy particles

Interaction strength ——>

Energy scale —>



What is “Flavor”?

e https://en.wikipedia.org/wiki/Flavour (particle physics)

In particle physics, flavour or flavor refers to the species of an elementary particle. The Standard
Model counts six flavours of quarks and six flavours of leptons. They are conventionally
parameterized with flavour quantum numbers that are assigned to all subatomic particles. They
can also be described by some of the family symmetries proposed for the quark-lepton

generations.

e Flavor is defined in the mass eigenstate basis for quarks
and charged leptons

e Neutrino flavors: SU(2) partners of charged leptons


https://en.wikipedia.org/wiki/Flavour_(particle_physics)
https://en.wikipedia.org/wiki/Particle_physics
https://en.wikipedia.org/wiki/Elementary_particle
https://en.wikipedia.org/wiki/Standard_Model
https://en.wikipedia.org/wiki/Standard_Model
https://en.wikipedia.org/wiki/Quark
https://en.wikipedia.org/wiki/Lepton
https://en.wikipedia.org/wiki/Quantum_number
https://en.wikipedia.org/wiki/Subatomic_particle
https://en.wikipedia.org/wiki/Family_symmetries

Key Roles in Shaping SM

e Discoveries of muon, tau, charm, bottom, top, etc.

e Parity and C-conjugation violation (Maximal) in Charged
Current Weak Interactions (T.D.Lee and C.N. Yang,1956)

» CP violations in the mixing (K; — 27, €) (Cronin, Fitch,
1964) and decay (K, — 27, Re(e /ex)) (NA31, 1993)

e Chiral structures and universality in charged current weak
interactions — Basis for the SM (with CKM)



Periodic Table for SM

Standard Model of Elementary Particles + Gravity

three generations of matter interactions / force carriers
(fermions) (bosons)
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DM can be considered as another flavor, since its property

Is the same as the neutrinos (upto mass and spin).




Mass Spectra

neutrinos de se pe
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e Can we understand this mass spectra ?
 Why neutrinos are much lighter than other charged particles ?

 Photon, gluon, graviton: massless
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CKMology

Strong Constraints on BSM @ TeV Scale
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(P)MNS Mixing
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© 0.803 ~ 0.845
0.233 ~ 0.505
| 0.262 ~ 0.525

0.514 ~ 0.578
0.460 ~ 0.693
0.473 ~ 0.702

0.142 ~ 0.155 ]
0.630 ~ 0.779
0.610 ~ 0.762 |

The value of dcp = 197° fggo is very difficult to measure, and is the object of ongoing research; however the current constraint

169° < dcp < 246° in the vicinity of 180° shows a clear bias in favor of charge-parity violation.

e Pattern is very different from CKM. Why ?

 Neutrino masses ? Mass ordering ? Majorana or Dirac ?




Flavor Problems

Who ordered muon ? Why 3 families of SM fermions ?
What determine flavor mixings (CKM vs. MNS) ?
Origin of masses and mixings (including neutrinos) ?
Flavor (or family) dependent gauge interaction ?
Proton decays ? Neutron lifetime puzzle ?

Many unanswered questions out there, with many
suggestions and creative ideas ! (FN, Flavor Symmetry, etc.)

‘ArXiv:2309.07788 with S. Baek, J. Kersten, L. VeIIasco—SeviIIa‘




GIM, Flavor/CPV in
Quarks and Charged
Lepton Sectors



Before GIM (1970)

If there were only three familes with

ury, d
: UR,AR,SR
dr cosbo + ssinfo | 77 Y

there would be huge contribution to K° — T p~
mediated by W' gauge boson of SU(2);,

Precition vs. Data:

(K — )

— O(1 . ~3x 107 (Dat
DK = ) (1), ws X (Data)

In nature (in the kaon system), FCNC is highly
suppressed

What is wrong ? How to cure the theory ?



GIM (1970)

GIM introduced another quark called “charm” (= ¢) with
the orthogonal coupling to the down type quarks

ur, CL
. , . , UR,dR,SR
(dLCOSHCJrSSln@C ) ( dLsmﬁchSCOS@C)

Then WY coupling is flavor diagonal, and no tree level
contribution to K7, — uu

FCNC processes can occur only at one-loop or higher
loops

m. ~ 1.5 GeV will explain Am g (Gaillard, Lee, Rosnher
1974)

Charm quark discovered in 1975
— “Triumph of Theoretical Physics”



In retrospect, large FCNC is a wrong
prediction of anomalous gauge theory
for 3 quark flavors, which is not a
healthy theory [ABJ anomaly in 1969]



GIM Mechanism

* No tree level flavor-changing neutral current (FCNC)

e FCNC generated at loops in the SM, and sensitive to particle
masses in the loop

. . . 2
FCNC Amplitude fori — j 2 VikV;I‘zf(mk)
k=1,2,3

= 0, if m;, = m, independent of k

= Y VaVE [fomd) — fimD)] < Am,
k=1,2,3



GIM

Larger loop amp for FCNC of down-type quarks, since the

quarks in the loop are up-type, mt2

Smaller loop amp for top FCNC, since the quarks in the loop

are down-type, mlf

Top FCNC is highly suppressed in the SM — A nice probe of
BSM with large FCNC [T. Kim’s talk]

B FCNC is not that much suppressed in the SM — Nice test
grounds of the SM at loops, and BSM since new particles
also appear at one loop order [Y. Kwon’s talk]



Tree-level FCNC ?

Severely constrained by exp data

General 2HDM models have large FCNC problem
mediated by neutral (pseudo)scalar bosons

Glashow-Weinberg proposed a way out of this, by
assuming ....... — Type |, I, X, Y, by imposing softly
broken Z, symmetry (H, —» H;, H, - — H,)

Z, = U(1l)y : Ko, Omura, Yu (2012) — New window
open for 2HDM model buildings



Muon g-2

[M. Lee’s talk]



Magnetic Moment In
Classical E&M

e General Physics : Current Loop — i = [An

e Slowly varying EM field couples to
Total electric charge Q = J d°x p(7)

Quadratic moment @);; :

S Lo
Qij = /d3$ p(Z)(ziz; — 5 0;;7°)

Magnetic dipole moment /i

e Low Energy Theorem



Magnetic Moment in QFT

e Fundamental Properties of a particle :

— Mass M

— Spin s : Bosons and Fermions with Diff. Statistics

— Charge () : integral multiples of ¢,
— Magnetic Dipole Moment (MDM) p

e MDM vs. Spin

e Pointlike Dirac particle : ¢ = 2 (e.g., electron, muon, quark etc.)
cf. g =2.79 (—1.86) for proton (neutron)

— Indicate p and n are composite particles



e Quantum Corrections modifies g at loop levels.

(9 — 2
G,M: 2
[

— Anomalous Magnetic Dipole Moment

— Theoretically well understood

(except for the hadronic contibutions)

— Measured with high precisions

— Indirect Probe of New Physics Beyond the SM



How to measure it ?

e Relativistic Muon in a Ring with B field

e Cyclotron Frequency :
eB 2,UJBB
wC —_ =
mcry hy

1 B
7:m7 6:|B|:|

e Spin Precession Frequency (BMT equation) :

ol <y

[ V. Bargmann, L. Michel cr:<l v.L. Ticlegdi,
Phys. Rev. Lett. 2, 435 (1959) ]

(7))
wg=——|1+[—1| 7«
mcery 2

e Additional Precession due to E field

1 L

Awy = — ( : —a)/i’xE
me \ v —1

— Can be made zero by choosing v =1+ 1/a

Magic Muon Momentum

3.1GeV /c, a.k.a. magic momentum, with v = 29.3



e Muon decay distribution carries the informations of the muon polar-
1zation

— (V= A) x (V — A) Nature of Muon Decay

— The highest energy electron tends to come along the muon polar-
1zation



LIFE OF A MUON:
THE g-2 EXPERIMENT

Muons are fed
into uniform

Muons are

tiny magnets doughnut-shaped

spinning on magnetic field

axis like tops and travel in a circle. Aftor each circle,
' muon’s spin axis

* * / / changes by 12°,

yet it keeps on

¢ L™ _
. ‘ D @ —= Wy il ) in same direction.

) omke (¢

Pions decay

14 meters

Protons Pions, weighing G ‘
from AGS. s proton, to muons. ®
are created. one Of 2 4 detectors - '5:53’1:::1:5::::::;:;.:-::'f.-::::::.;.. [ :_.;.;-:-:-:-:-:-:--5-:-:-'3-?":“:':'::':: ~

see electron, giving After circling the ring
the muon spin direction; many times, muon
g-2 is this ang!e, (.iivided spontaneously decays to
by the magnetic field electron (plus neutrinos)
the muon goes through in direction of its spin.

in the ring.
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Fig. 8. The universal lowest order QED contribution to ay.
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4) 5) 6)
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Fig. 9. Diagrams 1-7 represent the universal second order contribution to a,, diagram 8 yields the “light”, diagram 9 the
“heavy” mass dependent corrections.
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Fig. 10. The universal third order contribution to a,. All fermion loops here are muon—loops. Graphs 1) to 6) are the light-by—
light scattering diagrams. Graphs 7) to 22) include photon vacuum polarization insertions. All non—universal contributions follow
by replacing at least one muon in a closed loop by some other fermion.
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Fig. 11. Some typical eight order contributions to a, involving lepton loops. In brackets the number of diagrams of a given type
if only muon loops are considered. The latter contribute to the universal part.

WW%%M%M

%%%%W%W

Fig. 12. 4-loop Group V diagrams. 47 self-energy-like diagrams of Mp; — M4z represent 518 vertex diagrams [by inserting the
external photon vertex on the virtual muon lines in all possible ways]. Reprinted with permission from [108]. Copyright (2007)
by the American Physical Society].
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Fig. 13. Typical tenth order contributions to a, including fermion loops. In brackets the number of diagrams of the given type.



talk at KEKPH2010, Feb 20, 2010

Daisuke Nomura

Standard Model Prediction for Muon g — 2

QED contribution

EW contrib. 15.4 (0.2) x10~1°

Hadronic contrib.
LO hadronic

NLO hadronic

689.4 (4.0) x10~10
~9.8 (0.1) x10~10

light-by-light 10.5 (2.6) x10~10

11 658 471.809 (0.016) x10~10

Kinoshita & Nio

Czarnecki et al

HLMNTOQ09
HLMNTOQ09
Prades, de Rafael & Vainshtein

Theory TOTAL 11 659 177.3 (4.8) x10~10

11 659 208.9 (6.3) x10~1°

Experiment

world avg

Exp — Theory 31.6 (7.9) x10~1Y

4.0 o discrepancy

(Numbers taken from HLMNTQ09 (arXiv:1001.5401))

n.b.: hadronic contributions:
LO NLO

u u

had. had.

W

I-by-I




talk at KEKPH2010, Feb 20, 2010 Daisuke Nomura

LO Hadronic Contribution

The diagram to be evaluated:

902500: T T .
% 2250 -
w gzooo |
had. gm0 - E
pQCD not useful.  Use the dispersion & " - | E
relation and the optical theorem. Ng 1(2)(5)2 3 | E
ds 750 | =
M\.’m’_ f 7T('9_C12> Im'vv"vv 500 ;— \ | | lwes) Y é
had. had. 20 E \} E
2 N R s T g
2 1m 'w‘w: Z ﬁ@ ‘“‘ 02 1 10\/§(GeV)
had. had. -
e Weight function K(s)/s = O(1)/s =
5 oo Lower energies more important
ghad, Lo _ M ds lff(s)ahad(s) e We have to rely on exp. data for opaq($)
g 1279 Sth S — (Good data crucial




aﬁM compared to BNL world av.
IllllIlllllllllIllllIllll!IIII!IIII!IIII!IIIIEIIII
HMNT (06) .—.—.

IN (09) s

Davier et al, T (09) I i l—'-—l

: :
Davier etal e'e™ " oo O =
3 1]

w!/ BaBar (OOi p.E_H
HLMNT (09) -
--- experiment S ——
BNL : e
BNL (new from shiftin 1) ! |

170 180 190 200 210

aj” x 10"° — 11659000

Davier et al.: 1.8/3.9/3.10
JN 09: 3.20 [179.0 £6.5]

Recent changes

TH:

TH:

EXP:

Improved LO hadronic (from e"e™):

[New data from CMD-2, SND, KLOE, BaBar, CLEO,
BES. Combination of excl. (BaBar RadRet) and incl.
data below 2 GeV |

(6804 + 46) - 10°"" — (6894 £ 40) - 10~

Use of recent L-by-L compilation [PdeRV]:

a; " = (10.5+2.6) - 107"

Small shift of BNL's value due to CODATA's

shift of muon to proton magn. moment ratio:
Was a, = 116 592 080(63) x 10~
— a, = 116 592 089(63) x 10~'! (0.5ppm)

» With this input HLMNT get:

a; " —a"=(31.6£79)-107", ~ 4.00



BSM @ Weak Scale

Is the 4.00 deviation due to SUSY?

Dominant SUSY contributions:

- $ 4
_____ > e
which is, very roughly, given by
My) m:
5V  (sgm ) 0D Mg

87 sin? Oy m2

where m is the SUSY scale.

Numerically,

a>YSY =(sgnu) x 13 x 107 1°

U
<1OOGeV) .
X — tan O

m

In order for this to be 15.8 < aEUSY X
10'Y < 47.4 (2 o range),

m = 170 — 640 GeV

for tan 8 = 10 — 50. (Rough estimates)



News from Lattice QCD

| [ [ | | B | |I
i = 1
Brookhaven 04
——
Fermilab 23
——
Expt. '23
—
| u I
BMWce 24
| O I
Standard Model '20
| | | | | | | | |
175 180 185 190 195 200 205 210 215

a, x 101° — 1659000

Plenary talk by Finn M. Strokes @ QCHSC2024, Cairns, Australia




Example with light dark
sector for light DM, muon

g-2 and Belle Il BT - K™up

Based on arXiv:2204.04889, arXiv:2401.10112



BT - K™vvin the SM

* The B* - k*vv process is known with high accuracy in the SM:
* Br(Bt - KTviv) = (4.97 £0.37) x 107° HPQCD, PRD 2023

v %
Ao/
1% <
wte o W
~ u,c,1
<+—35 | —= - <— 3
U g u

Ly s = —CuSiytbr oyt

N

u,c,t

C,
>
|

2 2 s - 2 ) 2 )
8w & wVisV | X7 + 2x, n 3x; Ox,

' Inx, |,
M%V 16772 8(.’(, — ]) 8(1-1 _ 1)2 r |

C,

) )
where x, = m; /My, .



Measurement of BT — KTup

» Challenges in reconstructing the events

» Searches for B —» K™vv have only been performed
at the B factories Belle and BaBar

* Using the same techniques in Belle, BaBar
* Semileptonic tagged analyses
* Hadronic-tagged analyses

*Inclusive tag analysis (Belle & Bellell )

* Allow one to reconstruct inclusively the decay
B* - K*vv from the charged kaon

51



]_SM verage
0.49 0.037

4404

Bollo II (3()2 ﬂ) Conlbmod)

it

B SM
Hadronic
Inclusive

- Belle II preliminary
12.5 M [ Ldt=(362+42)fb~!

Belle II (3()2 ﬂ) H 1(11()111()

O

et EEEEEY Tty

|

Belle H (3()2 ﬂ) ‘ In( lu sive)

. Combination
10.0 | B(\ll(\ nu n h ]111 e)

)

C

*
Belle (711 fb1 Semlleptomc)
*
PY Belle (711 fb 1 Hadronlc)

Lo

Babar (418 fb 1. Combined)

Babar (418 fb‘l, Semileptonic)
0.2+0.8 PRD87, 112005

-o-----

Babar (429 fb!, Hadronic)
i i | 1.5+1.3 IPRD87. 112005 |
1 L Il | 1 1 L 1 1 1 1 | 1 1 1

0 2 4 6 8 10
1=B/B,, 10° x Br(BT—K " wp)

e Br(Bt - Ktw) =2.4+£0.7)x 107
* Significance of observation is 3.6
» 2.80 tension with the SM prediction

« Br(B* - KTEico)np= (1.9£0.7) x 107

* Indicate not only the presence of NP inthe b — svv

transitions but even the presence of new light states
(particles in dark sector?)
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Questions ?

Can we explain this mild excess in terms of new physics
with light particles ?

Light DM ? Something that decays mostly into neutrinos ?

New light d.o.f. may have connections with other puzzles in
particle physics and cosmology....

Muon g-2, Hubble tension, etc.

Answer : Yes, within U(1); _; models with light complex
U T
scalar DM and light dark Higgs boson



Dark sector parameter space for a fixed m,,

X+tx—>d+¢ \\\
P-wave annihilation

b+ 7y

P-wave annihilation
For scalar DM y

For fermion DM y

\){+}(—>¢+7/’

Higgs Portal DM These two channels are possible for light DM,
only if we include dark Higgs boson !

Along the y-axis

\

1/2

y+y—> SM+ SM

1/2

1

Higgs portal DM EFT Along the x-axis

DM EFT, including Models w/o dark Higgs

x+txy—->v7+vy

Mpy /M,

y : dark matter
y': dark photon
¢ : dark Higgs




U(1) L,-L, -~charged DM
. Z'onlyvs. Z'+ ¢

arXiv:2204.04889 [hep-ph]
With Seungwon Baek, Jongkuk Kim




SM+ U(I)L”_LT gauge sym

 He, Josh, Lew, Volkas, PRD 43, 22; PRD 44, 2118 (1991)

* One of the anomaly free gauge groups without extension
of fermion contents

* The simplest anomaly free U(1) extensions that couple to
the SM fermions directly

e (Can affect the muon g-2, PAMELA e’ excess, (and B
anomalies with extra fermions : Not covered in this talk)



Muon g-2

BNL g-2 : @
FNAL g-2 + @
‘< 4.20 >
@ = @
Standard Model Experiment
Average

175 180 185 19.0 195 200 205 210 215
9
aux10 -1165900

The Muon g-2 Collaboration, 2104.0328 |

Excellent example for graduate students
® Relativistic E&M (spinning particle in EM fields)

® Special relativity (time dilation)

® (V-A) structure of charged weak interaction



Muon (g-2) in U(l)ﬂ_ Model

Baek, Deshpande, He, Ko : hep-ph/0104141
Baek, Ko : arXiv:0811.1646 [hep-ph]
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its central value at +20, +10,0, —10 and —20, respectively.

for Aa, away



Baek and Ko, arXiv:0811.1646, for PAMELA ¢ excess

ESM + £New

1 my —. R *k
LNew = =742 "+ YpiD - yvp — My, vpYp + Dy DF ¢

(0" 0) — 50 ¢ — Anpd* oH H.

-
EModel

Here we ignored kinetic mixing for simplicity

: . € A
D, =0,+1weQA,+1 (I3 — siyQ)Z, +ig Y Z,
SWCS

muon g-2, Leptophilc DM, Collider Signature



Muon (g-2)

Baek, Deshpande, He, Ko : hep-ph/0104141
Baek, Ko : arXiv:0811.1646 [hep-ph]
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Figure 1: The relic density of CDM (black), the muon (g — 2),, (blue band), the production cross
section at B factories (1 fb, red dotted), Tevatron (10 fb, green dotdashed), LEP (10 fb, pink
dotted), LEP2 (10 fb, orange dotted), LHC (1 fb, 10 fb, 100 fb, blue dashed) and the Z° decay
width (2.5 x107% GeV, brown dotted) in the (log;ya ,log,y M) plane. For the relic density, we
show three contours with Qh? = 0.106 for My, = 10 GeV, 100 GeV and 1000 GeV. The blue band
is allowed by Aa, = (302 £ 88) x 10~ within 3 o.

Seungwon Baek, Pyungwon Ko,
arXiv:0811.1646, JCAP(2009)

about PAMELA e¢™ excess

N
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FIG. 1. The leading order contribution of the Z’' to neutrino
trident production (another diagram with u* and ™ reversed
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FIG. 2. Parameter space for the Z' gauge boson. The light-
grey area is excluded at 95% C.L. by the CCFR measurement
of the neutrino trident cross-section. The grey region with
the dotted contour is excluded by measurements of the SM

Altmannshofer et al.
arXiv:1406.2332 [hep-ph]

Neutrino trident puts strong
constraints on this model

One can evade the neutrino trident constraint, if one introduces
New fermions and generate muon g-2 at loop level w/ new fermions !




Z’ Only

Consider light Z’ and gy ~ (a few) X 10~ for the muon g-2. Then
A —>fSMfSM : dominant annihilation channel

gy ~ 107" is too small for y7 — Z'Z' to be effective for Q%hz

m, ~ 2mpy With the s-channel Z’ resonance for the correct relic
density

Many recent studies on this case:

- Asai, Okawa, Tsumura, 2011.03165
- Holst, Hooper, Krnjaic, 2107.09067
- Drees and Zhao, arXiv:2107.14528
- And some earlier papers
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P. Foldenauer, PRD 2019
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Leptophilic zz model + DM

* y7(XX) - z* - vv : dominant annihilation channels

- m,~2Mm, With the s-channel z' resonance only gives the correct relic density
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FIG. 1. Regions inside the yellow and Green shaded areas
by the Aa, are allowed at 1o and 20 C.L.. Cyan, black, and
orange regions are excluded by other experimental bounds.
Above green solid line is ruled out by the Borexino experi-
ment. Region inside the orange area can resolve the Hubble
tension. We take two Benchmark Points (BP) (Myz/,gx) as
BPI =(11.5MeV,4x10™*) and BPII = (100 MeV,8x 10™%).



U(l) L-L, -charged DM
. Z'onlyvs. Z'+ ¢

cf: Let me call Z’, U(l)Lﬂ_LT gauge boson,

“dark photon”, since it couples to DM




Models with ©

TABLE I: U(1) charge assignments of newly introduced particles and SM particles. The other SM

particles are singlet.

Field Z;L X(x) o L, = Vi, L), kR L. = (ver,7L), TR
spin 1 0 (1/2) 0 1/2 1/2
U(1) charge 0 Qx(Qy) Qo +1 -1

We Consider Both Complex Scalar (X) and Dirac Fermion DM (y)

o Physics depends on Qg , Oy and 0,

e Op = 20y, and 30y need special cares, since there are extra

gauge invariant op’s that break U(1) — 2, , Z; after U(1) is
spontaneously broken by nonzero VEV of @




Complex Scalar DM (generic

with Q4 # Oy, etc)

FIG. 2.  (Top) Feynman diagrams for Complex scalar DM
annihilating to a pair of Z’ bosons. (Bottom) Feynman di-
agrams for Complex scalar DM annihilating to a pair of H;
bosons.

H, ~ H,,s and H; ~ ¢ (dark Higgs)
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FIG. 3. Top: relic abundance of complex scalar DM as func-
tions of Aex for [BPI] for Mx = 1, 10,100, 1000GeV,
respectively. We assumed Qo = 1.1, My, = 1GeV, and
sina = 10~*. Solid (Dashed) lines represent the region where
bounds on DM direct detection are satisfied (ruled out). Bot-
tom: the preferred parameter space in the (Mg, , Asx) plane
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FIG. 7. The (Top) plots show the relic abundance of complex scalar DM for Q& = 1.1 as functions of dark Higgs mass
My, for [BPI] (Left) and [BPII] (Right). The (Bottom) plots show the relic density as functions of Aex (Left) and the
preferred parameter space in the (Mg, \ox) plane for Agx = 0 (Right) for [BPII] . We take four different DM masses,
Mx =1, 10,100, 1000GeV, respectively. Solid (Dashed) lines represent the region where bounds on DM direct detection are

satisfied (ruled out).

DM mass : much wider range than m, ~ 2mp),
due to dark Higgs boson contributions




Complex Scalar DM:
U(l)Lﬂ_LT — £, (Qp = 20)

X1 7z X Zl X< _ _ \(\/\/\/\/ A 7'
N\ ‘\‘
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FIG. 8. (Top) Feynman diagrams for local Z3 scalar DM annihilatiing to a pair of Z’ bosons. (Bottom) Feynman diagrams
for local Z5 scalar DM annihilatiing to a pair of H; bosons, which is mostly dark Higgs-like.
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FIG. 4. Top: Relic abundance of local Z3 scalar DM as func-
tions of Agx for [BPI] and different values of mass splittings
(A). We take Ayx = 0, My, = 10GeV, and s, = 104,
All the curves satisfy the DM direct detection bound. Bot-
tom: The preferred parameter space in the (Mm,, Aox) plane
for different values of A. The gray area is excluded by the
perturbative condition.
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FIG. 9. (Left) Relic abundance of local Z» scalar DM in case of [BPII]. We take Agx = 0, Mg, = 10GeV, and s, = 107*.
All the lines satisfy the DM direct detection bound. (Right) Relic abundance of local Z5 scalar DM in the (Mu,, Aax) plane.

DM mass : much wider range than m, ~ 2mpy,
due to dark Higgs boson contributions




Dirac fermion DM:
U(I)Lﬂ—LT = £, (Qo = 20))

FIG. 5. Feynman diagrams of local Z> fermion DM (co-
)Jannihilating into a pair of Z' bosons and H; bosons (7Top),
and Z' + Hy, (Bottom).
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by the perturbativity condition on A\e.

M=1GeV, A=1.17 M=1GeV,A=549

M;=10GeV, A=0.297 M;=10GeV, A=1.36
100 M,=100GeV, A=0.081 1 100 -M=100GeV, A=0.41
M,;=1000GeV, A=0.021 M;=1000GeV, A=0.125

= ——
s o1 0.1
1074+ 1074+
Mz=11.5MeV, gx=4x10"% sina=10"% Mz=100MeV, gx=8x10"%, sina=10"4
0.01 0.10 1 10 100 0.01 0.10 1 10 100
My, [GeV] My, [GeV]
10— —
100 : ‘ ‘ T T
.l\ Mz=100MeV, gx=8x10"*, sina=10"* RSO i SN
it = e —
A M=100GeV | | --ooo-- S . ]
d M=1000Gev] 1F |
A hy=01GeV 0.50f Mj=100GeV |
w0\ N0 T~ TmTEITERL os0p L M=100Gev
§ 0100 7 < :
' \ . \ M;=1000GeV i
0.010L) RN 1 o10f Il
\ AY Se |
\ \\~ L
0001) % N Rl ]
. \\ N S~
~ ~~o
ol s T e ] (MO0 MY, B0 sinamt0
2 4 6 8 10 ~0.01 0.10 1 10 100
A=(Mg-M))IM, M4 [GeV]

FIG. 11. (Top) Dark matter relic density as functions of dark Higgs mass My, for [BPI| (Left) and [BPII] (Right) (Bottom-
Left) Dark matter relic density as functions of A for [BPII], and (Bottom-right) Preferred parameter region in the (A, My, )
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DM mass : much wider range than m, ~ 2mip\,
due to dark Higgs boson contributions




Summary of this part

DM physics with massive dark photon can not be complete without
including dark gauge symmetry breaking mechanism, e.g. dark

Higgs field ¢, which have been largely ignored by DM community
(or some ways other than dark Higgs to provide dark photon mass)

Many examples show the importance of ¢ in DM phenomenology,
astroparticle physics and cosmology

Once ¢ is included, can accommodate the muon g-2 and thermal
DM without the s-channel resonance condition m, ~ 2mip\

mpy - essentially free, whereas m, ~ O(10 — 100) MeV and
Oy ~ O(10™%) can explain the muon (g-2)



On Recent Belle I
dataon BT — K v

arXiv:2401.10112
With Shu-Yu Ho, Jongkuk Kim



BT - K™vvin the SM

* The B* - k*vv process is known with high accuracy in the SM:
* Br(Bt - KTviv) = (4.97 £0.37) x 107° HPQCD, PRD 2023
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Measurement of BT — KTup

» Challenges in reconstructing the events

» Searches for B —» K™vv have only been performed
at the B factories Belle and BaBar

* Using the same techniques in Belle, BaBar
* Semileptonic tagged analyses
* Hadronic-tagged analyses

*Inclusive tag analysis (Belle & Bellell )

* Allow one to reconstruct inclusively the decay
B* - K*vv from the charged kaon
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e Br(Bt - Ktw) =2.4+£0.7)x 107
* Significance of observation is 3.6
» 2.80 tension with the SM prediction

« Br(B* - KTEico)np= (1.9£0.7) x 107

* Indicate not only the presence of NP inthe b — svv

transitions but even the presence of new light states
(particles in dark sector?)
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CMB constraints

Dominant DM annihilation channel
*Before resonance, XX* — Z'Z’, hh,
*Near resonance, XX* — Z'h,

« After resonance, XX* —» Z'7/’

*h, dominantly decays into a pair of either
/' or DM (kinematically open when
my, > 2my)

*\We can avoid the stringent CMB bound
thanks to invisible decay of both #, and Z’



Belle || anomaly: two-body decay

* When m,, < m,-my, two-body decay
° b W
AVAVAVA m,, = 11.5MeV, g, = 5x107%, Q = 0.4

S
<
~H,y

Higgs invisible decay

sin @

l

BT Ktuv
(Belle IT)

0.01 0.05 0.1 05 1 >
My (GeV)



Belle Il anomaly: three-body decay

* When my, > m,-my, H,is off-shell > three-body decay
» Two-body decay: my 5 6.5Gev (my; =2GeV)
« Three-body decay: 20MeV < my < 60MeV (my > my— my)

m,, = 11.5MeV, gy, = 5Xx107%, Q4= 0.4,8,= 6x10°

10! = '(""'K'K"x;;(m'

» Bt— KtXX*-
=, . Ry A . L 1 111111 L N s | NI
1072 107! 109 10! 102
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Belle Il anomaly: three-body decay

* When my, > m,-my, H,is off-shell > three-body decay
» Two-body decay: my 5 6.5Gev (my; =2GeV)
« Three-body decay: 20MeV < my < 60MeV (my > my— my)

m,, = 11.5MeV, gy, = 5Xx107%, Q4= 0.4,8,= 6x10°

1015' T "'”LQ"X;,;K&T”"”“
100; ¢

. B(H; —Inv.) <0.13

—p» BT > KTXX*
! IRy 1 A T . R | IR
1072 107! 109 101 102
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Belle Il anomaly: three-body decay

* When my, > m,-my, H,is off-shell > three-body decay
« Two-body decay: my 5 6.5GeVv (my, = 2GeV)
« Three-body decay: 20MeV < my < 60MeV (my > my— my)

m,, = 11.5MeV, g, = 5x107%, Q= 0.4,5,= 6x107°

10! F— ""'&"x;,;(m'
10° ¢
; B(H; —1Inv.) < 0.13
107!
A@X
(el S 4 A
10_3§ __________
10_4=| 1 L1 1148 1 L1 1111
10—2 10—1 @ resonance

XX* > Z'Z',Z'H,
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Belle Il anomaly: three-body decay

* When my, > m,-my, H,is off-shell > three-body decay
» Two-body decay: my 5 6.5Gev (my; =2GeV)
« Three-body decay: 20MeV < my < 60MeV (my > my— my)

m,, = 11.5MeV, gy, = 5Xx107%, Q4= 0.4,8,= 6x10°

0 F— ""'&"x;,;(@'
100; ¢
; B(H; —1Inv.) < 0.13
1071
)‘<I>X
1072 E e oL S
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1072 107! 109 10! 102

83



Belle Il anomaly: three-body decay

* When my > mg— Mg, H, IS Off-
» Two-body decay: my, <6.5GeVv ( oU
« Three-body decay: 20MeV < m,

/l(% X 4m§( — 4m)2(m% + 3m§,

l6xms (4m’, — my; >+ my Iy

m,, = 11.5MeV, g, = 5x107%, Q4

101 r“b >‘cI>X<47T
100 ¢ \

B(Hg — Inv. ) <0.13

.......... | |
E BT KTtH, —» BT KTXX*
1074 A TR ¥ N ST Y

10~2 101 109 10! 102
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Belle Il anomaly: three-body decay

T ye ee-body decay
I, =—22 1-—2% s«
I Y6n my miy

Phase-space suppression B~ M)

3 BT > KTXX*
EET | R
10! 102

85



Conclusion

e Belle Il data shows a mild excess of Bt — K vi over the
SM prediction

e This mild excess can be interpreted as B™ — K + dark

sector particles through a dark Higgs portal: a pair of
scalar DM, a pair of Z’ decaying into a pair of neutrinos,

both of which are invisibles in U(1); _; models with
U T

complex scalar DM

e Can accommodate the muon g-2, and relax the tension in
the Hubble parameter with extra dark radiation



Back Up



Local dark gauge symmetry

e Better to use local gauge symmetry for DM stability

(Baek,Ko,Park,arXiv:1303.4280 )

e Success of the Standard Model
of Particle Physics lies in “local
gauge symmetry” without
Imposing any internal global
symmetries

 Electron stability : U(1)em gauge
Invariance, electric charge
conservation, massless photon

* Proton longevity : baryon # is an
accidental sym of the SM

* No gauge singlets in the SM ; all
the SM fermions chiral

e Dark sector with (excited) dark
matter, dark radiation and force
mediators might have the same
structure as the SM

e “(Chiral) dark gauge theories
without any global sym”

e Origin of DM stability/longevity
from dark gauge sym, and not
from dark global symmetries, as
in the SM

e Just like the SM (conservative)




In QFT,

e DM could be absolutely stable due to
unbroken local gauge symmetry (DM with
local Z2, Z3 etc.) or topology (hidden sector
monopole + vector DM + dark radiation)

e | ongevity of DM could be due to some
accidental symmetries (Strongly
interacting hidden sector (DQCD), dark
pions and dark baryons : Ko et al (2007))

o Kinematically long-lived if DM is very light
(axion, sterile v, etc..)



Old wine in a new bottle:
Flavored multi-Higgs
doublet models



Flavor (or Family) dependent
Gauge Interactions ?

e What if there is a flavor(family) dependent new gauge
interactions ?

 For example, what if the RH quarks couple to new
massive spin-1 particle (Z') ?

e What would be the minimal setup for such model,
mathematically / theoretically consistent and realistic ?

* As an example, | will discuss an extra U(1) model that
couples only to 7 in the interaction basis [Top FBA




Top Charge Asym in QCD (Muller@ICHEP2012)

NLO QCD: interference of higher order diagrams leads to asymmetry for tt E)roduced
through gqg annihilation:

@ Top quark is emitted preferentially in direction of the incoming quark
@ Antitop quark opposite
@ Production through new processes may lead to different asymmetries

@ At Tevatron: define forward-backward asymmetry

4= N(Ay>0)—N(Ay<0)
" N(Ay>0)+N(Ay<0)

A\

@ At LHC: define asymmetry in the widths of rapidity distributions of t, t —top
- antitop
_N(Aly|>0)-N(Alyl<0) \

A= _ _

<Y



|CHEP 2012 :Top FBA (Muller’s talk)

A, of the Top Quark

7)) =
t 250 — [ i DQ, 5.4 fb™ S . ] V. Ahrens et. al., July 2011
o B . Ummar . arxiv: . v
o C ] W+l"_3_ts y XHOB G (** submitted to a journal)
200 - Multuet = :Ekikﬂ;lt}ihzdﬁgé ?235131? (* preliminary)
- e Data
150
100 :— CDF LJ . S 0.158 + 0.074 (:0.072+0.017)
B (53"
50—
3 -2 -1 0 1 2 " 3 CDF DIL* ®
. . y 0.420 + 0.158 (+0.150+ 0.050)
Ay in the lepton-jets channel (5.11")
Measured asymmetry (_)n detector CDF combined* —@®—  0.201+ 0.067 (+0.065+0.018)
level after bkg subtraction: (xstat = syst)
Arg det = 0.092 £+ 0.037 (stat+syst)
DO LJ* —e—  0.196+0.060 508
54"
MC@NLO: A det = 0.024 + 0.007 e
| | | | |
Measured asymmetry on parton level: 04 02 02 04 06  os

Arg = 0.196 % 0.065 (stat+syst)

DO results in the di-lepton channel:

Arg = 0.118 + 0.032

Both CDF and DO see significant asymmetry
in tt production in all channels with strong
dependence on my, in conflict with the SM




ICHEP 2012 :Top C Asym (Muller’s talk)

520008 ariaspreliminary e wow -

é 1 800;_ eu I Ldt=4.7"fo" Eznglmp -

I 16005 =

1400" :
1200F
1000-
800"
600"
400"
200F
Q:

ARIA

ATLAS-CONF-2012-057

1/ do/d(Aly])

L cMS
0.6~ l+jets
0.4

0.2

- 5.0fbTat \s=7 TeV
B AO =0.004 +£0.010

—— Data

—— NLO prediction

CMS PAPER TOP-11-030

@ ATLAS: Ac = 0.029 +- 0.018 (stat.) +- 0.014 (syst.)

@ CMS: Corrected: Ac=0.004 +- 0.010 (stat.) +- 0.011 (syst.)

@ Theory (Kuhn, Rodrigo):

A, = 0.0115 +- 0.0006

2
Aly|



New physics models for top Agg

q t

q t

s-channel: coloured resonance g, u-channel: exotic scalars

* flavor dependent.

IntegrA « challenging to
construct a realistic
model.

- anomaly free,
renormalizable, and
realistic Yukawa

couplings. »

(new) heavy VB 4-fermion interactio

Q et al (

2009), (2010¥,
et 2l2010); etc.

Degrame



u

u

Z/

Z' model

Jung, Murayama, Pierce, Wells, PRD81)
t « assume large flavor-offdiagonal coupling and
small diagonal couplings.

L3> g)(ZzLiI745fﬁ%t4-iL(}

* In general, could have different couplings to

t the top and antitop quarks.
EI" 'I""I""_: . .
19 1 e light Z'is favored from the My
[ e M =300 GeV . :
_ Ele distribution.
: [ — Mz=100 GeV
IrE i f | 1 *severely constrained by the same
: { sign top pair production.
[ - L T - the t-channel scalar exchange
: | | | | I | ] model has a similar constraint.
I4OOI IGOOI 18001 - I100(I) - iZO(]) - I1400



Same sign top pair production at LHC

u > - > t
§Z’ L = gwuy"(fLPr +fRPR)tZ’}l +h.c,

! General exclusion plot

CMS Llnt - 35 pb-1,\‘(§ = 7 TeV 103 i 1 I LI I LI I LI I LI I LI I LI I LI I LI l:
m 5 :I ] | e | I T T I T-TT I T T I | e | I T TT | | | l T T7 T ] E 13‘1r' E
452 z : a1
2 ] L M, =1TeV i { @}ﬁ.‘;,, -
3.5F : L % SRR S
3E E : ]
- . X N 1
2.5 = = ¢t M, = 100 GeV i
2E E = 10 E
1.5 z— - 10 consistent with A_, Berger et al. —z bx - =
1 é— D 26 consistent with A_, Berger et al.—; i e Ac,-[-0817]pb [1107.0841] -
0.5 é_ I 1 1 1 l 11 1 I 1 1 1 I ITI(:lolrnlbiTeId lolt)slell'v?dlLlirT:itlttl+ Ittjl 1 l_g 1 E_ AGF{: [-1-6’2‘3] pb —E
07200 400 600 800 1000 1200 1400 1600 1800 2000 - — Limit CMS 1106.2142 .
m,. (GeV) - —— Limit ATLAS-CONF-2011-139 -
. 'lIlllIlllIlllIlllIlllllllllllllllllllllllll

CMS: o(pp—tt(j))<17 pb at 95C.L. 075010 01 02 03 04 05 06 07

n ’ ’ r
ATLAS: o(pp—tt(j))<4 pb at 95C.L. Apg  (m;>450 GeV)
CMS, JHEP1108; ATLAS-CONF-2011-169) Aguilar—Saavedra, TOP2011)

* the t-channel Z' or scalar exchange models are excluded?



Same sign top pair production at LHC

u > - > t
§Z’ L = gwuy"(fLPr +fRPR)tZ’}l +h.c,

! General exclusion plot

CMS Llnt - 35 pb-1,\‘(§ = 7 TeV 103 i 1 I LI I LI I LI I LI I LI I LI I LI I LI l:
m 5 :I ] | e | I T T I T-TT I T T I | e | I T TT | | | l T T7 T ] E 13‘1r' E
452 z : a1
2 ] L M, =1TeV i { @}ﬁ.‘;,, -
3.5F : L % SRR S
3E E : ]
- . X N 1
2.5 = = ¢t M, = 100 GeV i
2E E = 10 E
1.5 z— - 10 consistent with A_, Berger et al. —z bx - =
1 é— D 26 consistent with A_, Berger et al.—; i e Ac,-[-0817]pb [1107.0841] -
0.5 é_ I 1 1 1 l 11 1 I 1 1 1 I ITI(:lolrnlbiTeId lolt)slell'v?dlLlirT:itlttl+ Ittjl 1 l_g 1 E_ AGF{: [-1-6’2‘3] pb —E
07200 400 600 800 1000 1200 1400 1600 1800 2000 - — Limit CMS 1106.2142 .
m,. (GeV) - —— Limit ATLAS-CONF-2011-139 -
. 'lIlllIlllIlllIlllIlllllllllllllllllllllllll

CMS: o(pp—tt(j))<17 pb at 95C.L. 075010 01 02 03 04 05 06 07

n ’ ’ r
ATLAS: o(pp—tt(j))<4 pb at 95C.L. Apg  (m;>450 GeV)
CMS, JHEP1108; ATLAS-CONF-2011-169) Aguilar—Saavedra, TOP2011)

* the t-channel Z' or scalar exchange models are excluded?

e the answer is NO.



Is the Z' model for top FB
asym excluded by the same
sign top pair production ?



Is the Z' model for top FB
asym excluded by the same
sign top pair production ?

NO'!
NOT YET!



However, the story is not so simple
for models with vector bosons that
have chiral couplings with the SM
fermions !

Chiral U(l)’ model (Ko, Omura, Yu)

(1) arXiv:1108.0350, PRD (2012)
(2) arXiv:| 108.4005, [HEP 1201 (2012) 147
(3) arXiv:1205.0407, EPJC 73 (2013) 2269

(4) arXiv:1212.4607, JHEP 1303 (2013) 15|




What is the problem of the
original Z’ model ?

® /' couples to the RH up type quarks :
leptophobic and chiral :ANOMALY ?

® No Yukawa couplings for up-type quarks :
MASSLESS TOP QUARK ?

® Origin of Z' mass

® Origin of flavor changing couplings of Z’



What is the problem of the
original Z’ model ?

Not gauge
invariant Gauge invariant : OK!

No Yukawa’s for up-type quarks:
MASSLESS TOP QUARK !

How to cure this problem ?

This problem is independent of top FCNC



Answer : Extend Higgs sector

Ly = —
Not gauge
invariant Gauge invariant : OK!
- ?—e' N
Ly = -Y, ~Y,?Qr;HDpgj + H.c.
i 1 Mandatory to extend Higgs sector!
kH’“ UM Cha,rged) Z’ only model does not exist!

# of U(l)’-charged new Higgs doublets depend on
U(l)" charge assigments to the RH up quarks



Flavor-dependent U(1)” model

* Charge assignment : SM fermions

SU(3)|SU(2)|U(1)y |U(1)

(1 3 2 :-/6 qL
@2 : : 1/6 4L LH quarks and RH down-type
% E 2 1/6 qr quarks have universal couplings.
D+ 3 “ f_/3 —qr
Dy| 3 1/3 | —qr
D_3 3 f-/3 —qr
U, 3 —9/3 )

AlE /3| e | - SRR

3| 3 1 | -2/3 B
H| 1 2 | 1/2 ‘Higgs




Flavor-dependent U(1)" model

» Charge assignment : Higgs fields

SU3)e[SUR)L[UMy] UQY

H, 1 9 1/2 | —qr —uy
, 1 9 1/2 | —qr — us
B[ 1| 2 [ 12 -u-u
0 1 1 1 —4e

* introduce three Higgs doublets charged under U(1)"' in addition to the S
M Higgs which is not charged under U(1)'.

Vy = v H\U1Q; + yis HoUn Qi + yis H3UsQ;
+ yi; D;QiiTo H'

+ y5EjLiimo HY 4y HN; L.

* The U(1)" is spontaneously broken by U(1)' charged complex scalar O.



Anomaly Cancellation : Sol. |

 Anomaly cancelation requires extra fermions I: SU(2) doublets

SU(3).[SU(2)L|U(1)y U(1)
Q| 3 2| 1/6 | —(a1 + a2+ g3)
Dyl 3 1| =1/3|—(dy + do + ds)
ULl 3 1 2/3 | —(u1 + ug + ug)
L 2 |=1/2 0
I 1 —1 0
2 | —1/2 QL
1 2 —1/2 QR
1 9 —1/2 —Qr
\Nry| 1 2 | —=1/2 —Qr

one extra
generation

SU2),2U(1)

a candidate for CDM

U(1)2-u(1)



Anomaly Cancellation : Sol. |1

* Anomaly cancelation requires extra fermions Il: SU(3). triplets

SU(3)|SU2)|U D)y |U (1)
qr1| 3 1 |-1/3| Q¢
gri| 3 1 —1/3| Qg
ao| 3 1 |-1/3|-0Q;
gra| 3 1 —1/3|—-0Qr

* introduce the singlet scalar X to the SM in order to allow the decay of th
e extra colored particles.

Vio = X Drigra + MXDriaro

a candidate for CDM




Flavor-dependent U(1)" model

« Gauge coupling in the mass base

- Z' interacts only with the right-handed up-type quark

g'Z" Z (Q%)ijURi%Uig <« gZ* Z Wil g YuUg;
i,j=1,2,3 i=1,2,3

- The 3 X 3 coupling matrix g is defined by
biunitary matrix diagonalizing the
(9r)ij = (U ll%b)zku_L) up-type quark mass matrix

mass base: g'Z™ [(gﬁ)i:ﬁiwﬁi +(92)5; 3Dy, + (9R) 155Uk Ug + (ng)»:jD'}'ﬂupgz]

tree-level ccéribufions FCNC \L \L

D° — DO K — KO




Flavor-dependent U(1)" model

- 2 Higgs doublet model : (u,,u,,u;) =(0,0,1)

SU3). | SU2), |U(1)y | U(1)
H 1 2 1/2 0
Hj 1 2 1/2 1
o 1 1 1 q

V, = viQiHUpi +y5Q:HUp; + yj5Q:H3Ug,
+ylQ;HDp; + v, LHE; + y,L;HN;.

J

7 JUTT TT 1 d 1 : 7
"’lh = } z_] l'Lzl th,() + } ijDLiDlez'0~

m cos o _ 2ml

YY = ;i + ———(gp)issin(a — 3).
Y veos3 7 wsin 2,:’5’(JR)U ( b).

yd _ m{ cosa 5. — « the fermion mass
* veosB




Flavor-dependent U(1)" model

» 3 Higgs doublet model: (u,,u,,u,) =(~¢,0,9)

SU3)|SU2)|U(1)y |U(1)
Hy| | 2 1/2 q
H> 2 | /2 0
Hj 2 1/2 | —q
O 1 1 0 —1

£Y — leHlUle y12H2U2Q1+J13H3U3Q1.
+ yiHID;Q; + y§ HYE L + y} HaN; L.



Flavor-dependent U(1)" model

« Gauge coupling in the mass base

- Z' interacts only with the right-handed up-type quark

g'Z" Z (Q%)ijURi%Uig <« gZ* Z Wil g YuUg;
i,j=1,2,3 i=1,2,3

- The 3 X 3 coupling matrix g is defined by
biunitary matrix diagonalizing the
(9r)ij = (U ll%b)zku_L) up-type quark mass matrix

mass base: g'Z™ [(gﬁ)i:ﬁiwﬁi +(92)5; 3Dy, + (9R) 155Uk Ug + (ng)»:jD'}'ﬂupgz]

tree-level ccéribufions FCNC \L \L

D° — DO K — KO




Flavor-dependent U(1)” model

* Yukawa coupling in the mass base (2HDM)

- lightest Higgs h:

771.,i COS ¥

yE —
ij v cos [

yd — mé cos a
L/ v cos [

ye 77?l COS (v
ij =

U COS [

COS O‘(I)()‘,i j -

2m? (™, sin
———(gp);isin(a —
vsin 2 IR)1; ‘

COS (10,5

COS aq,c)u

‘ =Y ul Lz( th +) DLzDR_yh —I—) eEL,ERJh + h.c..

3) cos .

- lightest charged Higgs h*: v,. = —v u—DL,(R]h +Y, +(LZDR]h+ + hee.

}'Z"L;— — Z(‘ CKI\I)I

- lightest pseudoscalar Higgs a:

= (Vexm)ij

{\/—ml tan 3

l
V2 mg tan

v

V, ==Y a"( i Rja + 1Y

yau _ my tan [3 - 2772.21
* v Y wsin2p
N DU
yad _ 1T tan 3 _
s 0ij
()
yae _ M tan 3
ij ij -

U

24/2m

Ch v sin 23

DL,DRJ(I + Z)

(g%,)ij-

- (g?z)lj} :

ELZER](I + h. C.,



Top-antitop pair production

1. Z' dominant scenario u \ /> {

cf. Jung, Murayama, Pierce, Wells, PRD81(2010)) Z’, h, a

2. Higgs dominant scenario

cf. Babu, Frank, Rai, PRL107(2011))

3. Mixed scenario U ‘
Destructive interference \ A /
between Z’ and h,a for the ) / \

u f

same sign pair production
(Ko, Omura, Yu)




Top quark decay

 decay into W+b in SM : Br(t—Wb)~100%.

* If the top quark decays toZ' +u or n+u , Br(t—Wb) might significantly be

changed.
0.025 T T T T T T T 1.5 J ' J ] I
5 Br(Z'u)=0.01 ; Br(hu)=0.01
Br(Z'u)=0.03 ; Br(hu)=0.03 /]
- Br(Z'u)=0.05 Br(hu)=0.05
0.02 + Br(Z'u)=0.07 :, Br(hu)=0.07 .:
0.015 | S
(/)]
B 05 f
0.005 | : /
0 B 71 - — — 111 |- .] ] |_ ] P TN N TN T SN T NN TN NN TN NN AN NN N N O | 1 I 1 1 | 1
100 110 130 140 150 160 170 100 110 120 130 140 150 160
M. M,

* requires Br(t —non-SM)<5% .

* choose either m_ <m, or m, <m,.

170



Single top quark production

t channel Wt channel s channel
W q t
>
b W
t ¢ b
DO DO, 1105.2788 In the SM,
o(pp —tbg) =2.90+0.59 pb o(pp —tbg) =2.26+0.12 pb

e CMS cus. 1106.3052

o(pp — thq) =83.6+29.8+3.3 pb o(pp = thq) = 64.37172 pb



Single top quark production

& Z'h,a => no b quark or W boson

in the final state
s“‘i |
U y
* DO DO, 1105.2788 In the SM,
o(pp —tbg) =2.90+0.59 pb o(pp —tbg) =2.26+0.12 pb

e CMS (cus 11063052

o(pp — thq) =83.6+29.8+3.3 pb o(pp — thq) = 64.3721*> pb



Favored region

0.025

rk decay
asymmetry
same sign top

0.02 total cross section

0.015

0.01

0.005

100 120 140 160 180 200
my:

Y = similar to Jung, Murayama, Pierce, Wells’ model (PRD81)



Ytu

1.5

0.5 1

Favored region

Scalar Higgs (h) dominant case

* /’Vtop quark decay

v | FBasymmetry

| same sign top

/,.f‘total cross section
/

| | | |
100 120 140 160 180 200

my, (GeV)

Y = similar to Babu, Frank, Rai’s model (PRL107)



Ytu

Favored region

1.5
[ m, =145 GeV
region m, =180 GeV
b m, =300 GeV
: Yo =1.1
0.5 .
0 i ! I ! I | ! ! L
0.005 0.01 0.015 0.02 0.025

Ox

« destructive interference between Z and Higgs bosons in the same signe top
pair production.

« consistent with the CMS bound, but not with the ATLAS bound.



do/dmy[pb/GeV]

006 | | | | |
SM ————
mixed
005 L onyz" ——
0.04
0.03 |/
0.02
0.01 +
0 | 1 1 | I ————
350 40 500 600 700 800
my[GeV]

Invariant mass distribution

m, =145 GeV
o =0.029
mixed case
m, =145 GeV
m, =180 GeV
m_ =300 GeV
a_ =0.01
Y =1.0

Yo =1.1



Arg VErsus Oy

20

15

10

G'[pb]

allowed by CMS

180 GeV<m, <1 TeV
180 GeV<m, <1 TeV
0.005<e, <0.025
0.5<Y, <1.5

0.5<Y, “ <1.5

| | 1 | l

Have a trouble with new CMS data < 0.39 pb



Arg versus ALY

0.1

SM | ' -
allowed by CMS m, =145 GeV

0.08 - mmmmm allowed by ATLAS
180 GeV<m, <1 TeV

0.06 | -
: 180 GeV<m, <1 TeV
0.04
0.005<a, <0.025
0.02
: 0.5<Y, <1.5
0
0.5<Y, “ <1.5

-0.02

-0.04

Arg

Have a trouble with new CMS data < 0.39 pb



Arg VErsus Oy

G'[pb]

+, m, =126 GeV

. | 180 GeV<m, <1.5 TeV
L 180 GeV<m_ <1 TeV
£ e AL 1 0.005<a, <0.025

o F
e
+
+
+
+
_L

0.1<Y, <0.5

0.1<Y, “ < 1.5

Still OK with new CMS data < 0.39 pb



20

G'[pb]

15

10

I I I I+ I I B | ++ 1 T
" +
+ T+ o+ +
4 & N
o+ 4+
-+ T -+ n + +
+ + T et ty
+ + + + + + + +
- +++ B+
+
¥ + PR ri— +
+ +if +
¥+t ++ 7t + *
- e + + ¥ +
+ ++ t + o+ Lt
% + + + + t
+ + + o+ 4 &+ + 8 4
+ + +
H +
t+
=

100

200

m, =126 GeV

180 GeV<m, <1.5 TeV
180 GeV<m, <1 TeV
0.005<e, <0.025
0.1<Y, <0.5

0.1<Y,“ <1.5

Still OK with new CMS data < 0.39 pb



Conclusions

We constructed realistic Z' models with additional
Higgs doublets that are charged under U(1)’ : Based
on local gauge symmetry, renormalizable, anomaly
free and realistic Yukawa

New spin-one boson (Z’) with chiral couplings to
the SM fermion requires a new Higgs doublet that
couples to the new Z’

This is also true for axigluon, flavor SU(3) R,W’, etc.

Our model can accommodate the top FB Asym @

Tevatron, the same sign top pair production, and the
top CA@LHC



Meaningless to say “The Z’ model is excluded
by the same sign top pair production.”

Important to consider a minimal consistent
(renormalizable, realistic, anomaly free) in
order to do phenomenology

Flavor issues in B and charm systems were
also studied (w/ Yuji Omura and C.Yu)

Top longitudinal pol (which is zero in QCD
because of Parity) could be another
important tool for resolving the issue (Ko et
al, Godbole et al, Degrande et al, etc)



