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Talk today is not tuned to the 100TeV pp collider.
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Top-Philic Scalar

Simplest ansatz violates SU(2) gauge symmetry

L=-S5 [yStEtR + HC]

Introduce another Higgs doublet Ht with odd Zt parity

2

£ = D, HID"H, — m%, |Hy? — Mg, |Ha|* — A, [H|? | Hy|? + A .HTHt

~ A [(HT H,)? — H.c.] _ {y/HtQéLEt/R n H.c.} (—m2,H H, + H.c.2777)

Models by Das, C.Kao (1996); Soni et al (2000),--

If we implement Zt to U(1)t, we end up with
Ko-Omura-Yu model (see later)



Top-Philic spin-T1
Naive guess will be something like this:

L=—gZ, |gvty"'t + gaty*vst) = =g Z, (gLt 't + grtrY" tR)

If top couplings are chiral under new U(1),
there is a problem with the top Yukawa coupling

One way out of this problem is to
introdue a new Higgs doublet coupled to Z
Again, Ko-Omura-Yu model

So let me talk about Ko-Omura-Yu Model



Top FBA@Tevatron and Top CA@LHC
in chiral U(1)" models
with flavored Higgs fields



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!
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Top Charge Asym in QCD (Muller@ICHEP2012)

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

AT,_N(Ay>O)—N(Ay<O) :
" N(Ay>0)+N(Ay<0)

\

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

A .= _ _

<Y



|CHEP 2012 :Top FBA (Muller’s talk)
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Measured asymmetry on detector
level after bkg subtraction:

Arg det = 0.092 £+ 0.037 (stat+syst)

MC@NLO: A det = 0.024 + 0.007

Measured asymmetry on parton level:

Arg = 0.196 = 0.065 (stat+syst)

DO results in the di-lepton channel:

Arg = 0.118 + 0.032

Summary:

A, of the Top Quark

[ V. Ahrens et. al., July 2011
arXiv:1106.6051v1 (2011)
(™ submitted to a journal)
1 w. Hollik and D. Pagani, o
arXiv:1107.2606 (2011) (* preliminary)
CDF LJ —_—— 0.158 £+ 0.074 (+0.072+0.017)
(537
CDF DIL* o
0.420 + 0.158 (+0.150+ 0.050)
(517
CDF combined* —@—  0.201+ 0.067 (+0.065+0.018)
(+ stat £ syst)
*H 0.018
Do LJ —e—  0.196x 0.060 o008
(54fb")
04 -0.2 0 0.2 04 0.6 0.8
A

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)
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o 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



New physics models for top Agg

q t u t

=

u U t
q t

s-channel: coloured resonance g,

channel: z' . w' ¢ u-channel: exotic scalars

* flavor dependent.

Integrate « challenging to
—_— construct a realistic
model.

- anomaly free,
renormalizable, and
(new) heavy VB 4-fermion interaction | realistic Yukawa
couplings. »

Ko et al (2009), (2010);

Degrande et al (2010); etc.



/' model

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

L3> gx Z;L uy" PRt—l-ll,..C.

* In general, could have different couplings to
t the top and antitop quarks.

[fb/GeV]

i < light Z' is favored from the M,
- B v gpeia distribution.
:{]__] """ — M;,=100 GeV :
tbzs 1 = severely constrained by the same
1 | i sign top pair production.

s Sl - the t-channel scalar exchange
- Illll model has a similar constraint.
400 600 800 1000 1200 1400



Same sign top pair production at LHC

u > P > t
§Z’ L = gwuyt(fLPr -i—fRPR)tZ’}_l +h.c,

! General exclusion plot
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* the t-channel Z' or scalar exchange models are excluded?



Same sign top pair production at LHC
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* the t-channel Z' or scalar exchange models are excluded?

* the answer is NO.



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 :
leptophbic 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 ?

£y:—Y. Y;—|—HC

Not gauge \

invariant Gauge invariant : OK!

No Yukawa’s for up quarks !

How to cure this problem ?



Answer : Extend Higgs sector

Ly = —
Not gauge
invariant Gauge invariant : OK!
2 ?—" D
Ly = -Y, ~Y,?Qr;HDpgj + H.c.
i 1 Mandatory to extend Higgs sector!
ka UM chargedj 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

SU3)|SU2)|U(1)y |U(1)
Q1| 3 2 1/6 | qr
Q2 : : 1/6 4L LH quarks and RH down-type
% E 2 1/6 4L quarks have universal couplings.
D+ 3 “ f_/3 —qr
Dy| 3 1/3 | —qr
Ds| 3 1/3 | —qr
U, 3 —9/3 )
Al /8| | - SRR
Us| 3 1 | -2/3 )
H| 1 2 | 1/2 ‘Higgs




Flavor-dependent U(1)’ model

» Charge assignment : Higgs fields

SUR)[SUR)L[UMy| UQ)

g 1 9 1/2 | —qL —wu
H,| 1 9 1/2 | —qr — ug
Ha 1 9 1/2 |—qr —ug
D 1 1 1 .

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

Vy = yit HiU1Qi + yis HaUa Qi + yis H3UsQ;
+ v, D; Qi H'
+ y§;EjLiitoH' + y[s HN; L;.

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



Anomaly Cancellation : Sol. |

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

SU(3).|SUR2)L|U(1)y U(1)
Q| 3 2| 1/6 | —(q1 + ¢ + g3)
DLl 3 1 —1/3 | —(dy + da + d3)
ULl 3 1 2/3 |—(uy + us + us)
L 2 | —-1/2 0
£ 1 —1 0
2 | —-1/2 QL
1 2 | —1/2 QR
1 2 |—=1/2 —Qr
1 2 | —=1/2 —Qr

one extra
generation

SU2)2U(1)

a candidate for CDM

U(1) 2U(1)



Anomaly Cancellation : Sol. |1

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

SU(3).[SU©2) U 1)y |U(1)
qr1| 3 1 |-1/3]| Q;
gril 3 1 —1/3| Qg
gra| 3 1 —1/3 -0
qra| 3 1 —1/3|—-Qr

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

Vio = X Drigra + MXDriar»

a candidate for CDM




Flavor-dependent U(1)" model

» Gauge coupling in the mass base

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

97" > (gh)iUr Ul < gZ" Z UiUpi VUi
ij=1.2.3 i=1,2,3

- The 3 X 3 coupling matrix g is defined by
biunitary matrix diagonalizing the
(9?%)2'3' — (UE)Zku_L) up-type quark mass matrix

mass base: g'Z" [(9%)@'” 17U + (92):, 539Dy, + (9R)5Up1uUp + (9??)»:.;5312%1732]

tree-level ccitribufions FCNC \L i

D° — DO K — KO




Flavor-dependent U(1)" model

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

SU3). | SUR2), | U(l)y | U(1)
H 1 2 1/2 0
Hj 1 2 1/2 1
o 1 1 1 qd

V, = yiQiHUp + yQ;HUg; + y45Q;H3Up,
+ylQ;HDp; + yi, L,HE; + y2L;HN;.

J

7 JUTT TT. 1 Ad 1 - 7

mY cos o 2m | |
Y'Y = ! 0ii + ———(gp)iisin(a — 3), —
Y U COS ,:'3 Y U SIn 2,«'3( R)IJ ( ! ) ‘
yd _ m{ cos a 5. — « the fermion mass
* veosB




Flavor-dependent U(1)" model

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

SU(3)|SU2)|U(1)y |U(1)
Hy| | 2 1/2 q
Ho 2 :_/2 0
Hj 2 1/2 | —q
O 1 1 0 —1

Ly = yiHU1Qi + yis HoUsQ; + yis HsUsQ;
+ yszZD QI—I—JUH;EL —I_yZJHNL



Flavor-dependent U(1)" model

» Gauge coupling in the mass base

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

97" > (gh)iUr Ul < gZ" Z UiUpi VUi
ij=1.2.3 i=1,2,3

- The 3 X 3 coupling matrix g is defined by
biunitary matrix diagonalizing the
(9?%)2'3' — (UE)Zku_L) up-type quark mass matrix

mass base: g'Z" [(9%)@'” 17U + (92):, 539Dy, + (9R)5Up1uUp + (9??)»:.;5312%1732]

tree-level ccitribufions FCNC \L i

D° — DO K — KO




Flavor-dependent U(1)” model

* Yukawa coupling in the mass base (2HDM)

- lightest Higgs h: v, = v2UL,Ugh + YD1 Dpih + Y EpEgih + hec.,

. m cos « . 2m | , i
Y = UZ-COS - cos ag0;j + — ’2)) (9R)ij sin(a — 3) cos ap,
yid _ mé cos a o8

U ycosB W

N m! cos a
! i = COS OQ)OU

U COS /[

- lightest charged Higgs h*: v,. = —v*=D,.Up;h~ + YU, Dp;h* + hec.,
o V2 m;' tan 5’ 2\/§m“’
Y~ =Y (Vexm)i; { 01 —(9R)15 ¢

l v vsin 2

\/§ m?‘ tan 3

I_?

- lightest pseudoscalar Higgs a: V. = —iV™U,Ug;a + YDy Dpja + iV EriEpja + h.c.,

-d
} i j+ = (Vekm)i j

my tan 3 _ Zm.i

yaouw — 5. — (%)
1 1 . Oy J17°
“ v 7 psin 28 Y
ag mitan g _

} . = 045

[

yae _ M tan 3

ij ij-

()



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 i +u , Br(t—Wb) might significantly be
changed.

0.025

1.5

Wwww
=051
NININN

cccco

oo0oOo

OO0 0Oo

~NOoOTQ —
[esHusiusius)
—_ ===
Inn
OooOo.
OO oOo
~NOoOrQ —

0.02 |

o033 3335
| gy enpy ang e
N S S S

Oy

L ;f f f 1k
0.015 F / -
0.01 [

0.005 | - /// _ -

||||_I_|‘|7||I||||I|||[I||||I|||| 0. ! 1 1
100 110 120 130 140 150 160 170 100 110 120 130

e
Ytu

140 150 160 170

* requires Br(t —-non-SM)<5% .

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



Single top quark production

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

e CMS cus. 1106.3052

o(pp — thq) =83.6+29.8+3.3 pb o(pp = thq) = 64.37.172 pb



Single top quark production

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

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

e CMS (us 11063052

o(pp — thq) =83.6+29.8+3.3 pb o(pp — thq) = 64.37221> 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
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Favored region

Scalar Higgs (h) dominant case

* /’}:top quark decay

y | 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)
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Favored region

1.5
[ m, =145 GeV
: scton | m, =180 GeV
a m, =300 GeV
- Yo =1.1
0.5 -
0 | ! ! ! L | ! ! L1
0.005 0.01 0.015 0.02 0.025

Oy

» 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]

Invariant mass distribution

0.06 |

SM ————
mixeq
005 - onyz ——
0.04
0.03 f/
0.02
0.01 +
0 ! ! ! 1 I —
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o =0.029
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Yo =1.1
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Arg versus ALY
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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)



B — DW7rv and B — Tv in chiral U(l)' models
with flavored multi Higgs doublets

Ko, Omura, Yu, arXiv:1212.4607, JHEP(2013)



BTV

the average

BR(B — tv) = (1.67£0.3) x 10~* HFAG, 1010.1589

New Belle result

BR(B — T v)x 10* SIS = (22 Sl e Belle, 1208.4678

. T
(b.c) coupling L
B> D(*)Tv b
B D®r—p
R(D®) = B(B_—> 10NV eS| o
B(B —» DWI-1) b S
L R(D) R(D")
BaBar 0.440 + 0.071 0.332 =+ 0.029 BaBar, 1205.5442
¢ 2 ler ¢ T
SM 0.297 £0.017 0.252 4+ 0.003
o 0.316 = 0.012 £+ 0.007 Fajfer, Kamenik, Nisandzic, Mescia

(2+1 flavor lattice QCD, by Fermilab Lattice and MILC)

combined 3.40




Question:

Is the enhancement of Ars8 compatible with the
(semi)leptonic B decays in our models!?




Our scenario for Ars favors large new physics contribution

O(I) (b,u) and

~ 200GeV |Yi'| ~ el .
Y~ V2(Vorar) G Y 200 GeV charged Higgs

e

predict very large new physics contribution in B physics

can be compatible with

B—oTV? 5 i T consistent with the SM.
| > s reqmres smaII new phy5|cs contrlbutlon.
¥ k’ --;"'."‘- 7 -"' ' Sy '.“l /."A‘- E43 i . ;..': gt il = ’ '."' P b '_:"V "-' N 1‘ " 4 .8 24 g b, | . '.’ e ;. o . \"‘. al (s




Our scenario for Ars favors large new physics contribution

au O(I) (b,u) and
~J Y

200GeV | o Y““) ~200 GeV charged Higgs
Y tb .

e

predict very large new physics contribution in B physics

can be compatible with

B—TV? b bt T consistent with the SM.
> requires small new physics contribution.

"OS

—

B—-D(*)TV!EH

not consistent with the SM.

requires large new physics contribution.

J--ocoooooosottooooo ottt Type-ll 2HDM cannot explain.

BaBar, 1205.5442; Crivellin, Greub, Kokulu, 1206.2634;
Fajfer, Kamenik, Nisandzic, Zupan, 1206.1872;
M.Tanaka, R.Watanabe, 1212.1878



Flavor-dependent U(1)” model

* Yukawa coupling in the mass base (2HDM)

- lightest Higgs h: v, = v2UL,Ugh + YD1 Dpih + Y EpEgih + hec.,

. m cos « . 2m | , i
Y = UZ-COS - cos ag0;j + — ’2)) (9R)ij sin(a — 3) cos ap,
yid _ mé cos a o8

U ycosB W

N m! cos a
! i = COS OQ)OU

U COS /[

- lightest charged Higgs h*: v,. = —v*=D,.Up;h~ + YU, Dp;h* + hec.,
o V2 m;' tan 5’ 2\/§m“’
Y~ =Y (Vexm)i; { 01 —(9R)15 ¢

l v vsin 2

\/§ m?‘ tan 3

I_?

- lightest pseudoscalar Higgs a: V. = —iV™U,Ug;a + YDy Dpja + iV EriEpja + h.c.,

-d
} i j+ = (Vekm)i j

my tan 3 _ Zm.i

yaouw — 5. — (%)
1 1 . Oy J17°
“ v 7 psin 28 Y
ag mitan g _

} . = 045

[

yae _ M tan 3

ij ij-

()



Constraint on B—=TV decay in our 2HDM

600
my+/tan B[GeV]

0(100) < mpy/tanf —>

800

can be

Yi | ~ 1.

—Y,~"h~brup + Y.} *hturbg

coupling relation
u— * au
Yo~ V2(Vorum)nYe':

mp tan 8

R N ) e

)

mass relation

2 2
TS == T )\125

where V(H)=---+ \o(HI Hy)(HIHy).

mass difference at most weak scale

(pseudo scalar may be heavy.)



Constraints from B—=D(*)TvV and B—=TV in 2HDM

parameter region within | 0 of B->D(*)TV at BaBar and B->TV.

Ytc vs Ytu of pseudo scalar mH+ vs tan 3

The BaBar discrepancies require large charged Higgs contribution,

0.2 < [Y2], mat/tan B S O(10).

= y . Yau < | : .
—>  B->TV requires small (t,u) coupling, |Y;;"| < 0.03 cannot achieve enhancement AFB.

If the deviation is relaxed, (t,u) can be large.
(pseudo scalar should be heavy for B->Tv in 2HDM.)



® To enhance ArB and be consistent with the semi-leptonic and leptonic B decays, 3HDM is
favored.

difference between 2HDM and 3HDM.

vl Uz U3 > Up Ui Uj
0 0 q SROEEE0) q
2HDM 3HDM

y2 QriHaUr: + y5QriHoUrs + y5Q 0. HiUrs Y4 QiH \Ur1 + y%QiHyUgo + y4 Qi H3Ugs

yflj@I"bDRj + y5;QiH2 ER; ygj@HQDRj + y5;QiH2 ER;
pseudoscalar and charged Higgs directions in 2HDM




® To enhance AFB and be consistent with the semi-leptonic and leptonic B decays, 3HDM is
favored.

difference between 2HDM and 3HDM.

vl Uz U3 > Up Ui Uj
R OE s g s U g
2HDM 3HDM
v QriHaUri + y%QriHaUgs + yi5QriH1Ugs v QiH \Up: + v Qi HoUps + 425 Qi H3Urs
yi-:Q;HaDprj + y5;Q; Ho ER; ye:QiHyDRj + y5;QiH2 ErR;
pseudoscalars and charged Higgs directions in 3HDM
(Hz)

One of the charged Higgs (pseudoscalar) can
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Other Constraints

The bound on B — X,v at leading order (LO) up to O((100 GeV /my,+)?) is given by

100 GeV 100 GeV \ 2
—0.20 < {— (46.26 + 46.83 In <—e>) Y% tan 3 + 9.00(5/;;“)2} (—e) < 0.79,
mp+ mp+
(29)

where two relations Y, * = v/2V, Y% and Y,/¢ = V2V, Y24 = my tan 3/v are used [29]. If

we assume tan 8 = 1 and my+ = 300 GeV, then we obtain a constraint —0.077 < V3" <
0.262. Therefore we can expect that (¢%); can be O(1) without conflict with the B — X,y

constraint.




4. Summary

® | introduced 2HDM and 3HDM, where gauged U(1) controls the FCNC.

® There are tree-level FCNCs:especially (t,q) in neutral and (b,q) in charged Higgs are large
because of top mass.

® large (t,u) enhance AFB and can be consistent with LHC results according to destructive
interference between CP-even scalar and CP-odd scalar. One good point is CP-even (-odd)
mass ~200GeV and the Yukawa coupling ~1.

® Ve discussed whether the enhancement of AFB is compatible with the (semi)leptonic B
decay at the BaBar and Belle experiments.

® ArB and B->D(*)TV requires large new physics effects, but B->TV requires the small effect. It
is difficult to achieve all.
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General Remarks

- Model independent study or simplified models are useful only if
the stuffs put away under the rug (such as gauge invariance,
renormalizability, unitarity, anomaly cancellation, realistic
Yukawa’s, etc.) do not affect the physical observables we study

- Very often you don’t know a priori if this assumption is true or
Nnot

- When some simple model can explain some phenomena, it is
important to work out various UV completions and study the

detailed phenomenology

- More examples in DM physics (papers by Baek, Ko, Park, etc.)



