Phenomenology of a
Family Model

Fang Ye
National Taiwan University

@ IAS, HKUST

w/ Cheng-Wei Chiang and Xiao-Gang He (in progress)



Outline

Introduction

Setup

Interactions in the model
Constraining the model

Summary



Introduction

leptons
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photon

Higgs boson

Quite successful

W/ mysteries weak bosons
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Fermion matter fields: quarks and leptons

Gauge interactions define quarks and leptons


https://en.wikipedia.org/wiki/Standard_Model

Introduction

SM

Gauge interactions are generation (flavor) blind
What distinguishes different generations/flavors?
— Mass

Origin of mass?

— Higgs sector
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Introduction

SM

200

* [Large mass hierarchies

* Highly non-universal flavor structure i
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 Why?

om arXiv:1112.6387 [hep-ph]



Introduction

SM

* Flavor Changing Neutral Currents

* No tree-level, loop level suppressed by loop tfactors
and small CKM matrix elements (GIM)  gre— mey=10-15

well below

* Seems to be good w/ experimental data
ATLAS: BR(t — He) < 0.46%

CMS: BR(t — He) < 0.56%



Introduction

But SM does not address flavor problems:

* Why 3 generations?

- Why fermion mass hierarchy? Why top is so
heavy? This talk

° elc



Introduction

Other problems SM does not explain: DM, DE, EW
hierarchy, gravity, etc

—> New physics needed

ow to probe new physics?

One important probe: FCNC



Introduction

 Low energy FCNC observables are highly sensitive to new
pohysics due to the absence of SM tree-level contribution
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Introduction

Scenarios to address those flavor problems:

 Warped extra dimension

- Extended EW sector [

* elc



Introduction

Extended EW sector

e.g. 2HDM,
* + > invisible axion DFSZ/KSV/Z,
Georgi-Machacek model, etc

* + scalars and gauge bosons



Introduction

Extended EW sector

e + scalars

* + scalars and gauge bosons

|

e.g. extra gauge bosons may be from a larger group,
or from higher dim



Introduction

Family models

* General case: 1 SU(2) gauge group for 1
generation Li & Ma, 81

* Aless complicated case: the first 2 generations
charged under 1 SU(2), the 3rd generation
charged under the other SU(2)

Chivukula, Simmons & Terning, 94;

Chivukula & Simmons, 02; Chiang, Deshpande, He & Jiang, 09;

Muller & Nandi, 96; Chiang, He & Valencia, 16
Malkawi, Tait & Yuan, 96;

Batra, Delgado & Kaplan & Tait, 04;
Chivukula, He, Howard & Simmons, 04




Setup

« EW gauge sector:

SU(2); x SU(2)y x U(1)y

o Scalar sector: 1 doublet under each SU(2), and 1
bifundamental simultaneously under both SU(2)



SU(2)1 | SU(2)2 | U(1)y
Qar 2 1 %
Q3 1 9 1
SM fermions Uir 1 1 %l Flavor indices:

D;g 1 1 —3

Lar 2 1 _% a=1,2

Lo )1 2 -3 i1 923

No new fermions E.p 1 1 1 y 2y
No anomaly introduced o, 9 1 1
) 1 2 %
n 2 2 X

Table 1. EW Spectrum



Ly = |Dy®1* + | Du®sl® + Tr(| Dyunl®) + ¢ iy, D", SU2)1 | SU(2)2 | U(Dy
QaL 2 1 é
Q3 1 2 -
SU(2)1 X SU(Q)Q X U(l)y Ur | 1 1 2
! ! i i Dir| 1 1 ~1
Lar 2 1 ~1
< :>___£_(:u()) l@L 1 2 —%
T=="75\0u Ern| 1 1 -1
®, 2 1 3
v d, 1 2 -
SU(2), xU(1)y 7 2 2 X

1 0 1 0
2 (5] \/5 Vo€
v

SM EW group

Symmetry break

Table 1. EW Spectrum

Q=Y +T7+T;




Scalar masses

2
1 .
V = 1201®, + p2d)d, + i > i@l 0. 0P,

a,b=1

. - 1 1
+ M*Tx(n'n) + Tr(Min' + h.c.) + Z)\’[’I‘r(nTn)]Q +

; (;\"'['n(ﬁn’f)F + h.c.)
+ e ) Te(Fin + ) + X T '?) + 3 X i )

1 S | i
+ STx(n'n) Y fu(@12a) + pr®im' @1 + p2@in'n®,
a=1

+ f)'lq)IﬁnTCIH -+ ﬁz‘b%ﬁ”}@z -+ (t’(I)];nq)z -+ hC) -+ (f@}ﬁ@z -+ h.C.),

N = o2 09 Consider all coefficients real
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Scalar masses

* To extract Goldstones eaten by gauge bosons, we
perform an SU(2) rotation

Uiy O P, oF 2]
/] o i) ! Py = v1+Red]+ilme] | » Py = vae* +Red)+ilme)
2 2 ) V2

U1 : Ug
cg =cosff = —, sg=sinf = —, l
| v v
Q-+ H+
Cz 83 v, = v+h+iGY | W, = HY4+iAY
O = | B V2 V2
—S83 Cp

charged complex Higgs H™

assumed ¢ < 0 (correspondingly cos§ = 1) neutral Higgs H° neutral CP-odd Higgs A°

3 real Goldstone modes (G°, GT) direction A to get a VEV v



Scalar masses

e |nthe new scalar basis

- 0 0
MG g+ = Mgo g0 = OM3: 0" = (O ﬂ)

Mj, Off-diagonal entries

AL g2 03 2212 03 A12.0.2
— 5 0°C38g + FU SzCs + FEU CJSJCQJ

Av?

nthe limit: % =%=% a,-(G %) Noh-Hmixing

83C3



Yukawa interactions

Quark Yukawa

ﬁQ = fi zR(I)TQaL + G;3 ,,R‘I’ Qsr, + meth)TQaL + 9,2 LR(I)ZQSL + h.c.
(i) = ’I:O’Q(I)*

can be re-written as

~ A = A h
[,)Q/ = —URIWUUL(l + %) — DRIWdDL(l + 5)

— Up)“U(H® +iA°) — DpX\’Dy(H® —iA%)
UR)\IUS;[:TDDLH_F — \ﬁDR)\dSTDTUULH— + h.c., Vi = T(ITD

Tree-level FCNC «——

I ——

S| M*Ty = digg{m,, m., m;} = M"*, SL,M®Tp = diag{mg, m,, my} = M

LIPS



Yukawa interactions

Quark Yukawa h

[:8 = —URJ\ZUUL(l + %) — DRMdDL(l + ;) AU 24
Quark mass ‘/—URX“’UL(HO +4A%) — DpX’Dy(H® — iA%)
+ \/EUR)\USZ;TDDLH+ —_ \/QDR)\CISLTUULH— + h.c.,

S;M“TU = diag{m., m., m;} = MY, SLM a1 = diag{mg, m,, my} = M Vierr = Tg,.TD
fi1 f12 0 00 g75 ’
A=—fafe0], A=—100gy3|, M'= E(C.B)‘?‘*'S,B)‘g)
f31 f32 0 00 g33
Special case Sv=Tv=5p=1 Large top mass:
| : large beta,
3rd generation: Top mass ~ sg or large VEV v2

compared to v1

I ————

1st, 2nd generation: u, ¢ masses ~ ¢s




Gauge interactions

|l_)1uq)1|2 + |qu)2|2 + TI'(|D#77|2)

<ns=—= (1Y)
iD*®y = (10" + g1 WY + ¢'Yo, B*) P, Va0
iD'®y = (10" + goW4' + 'Yy, B*)®,, 1 /0 1 0
ZD”"]? — (28# + qlwlfi - QQWQ“)T] ! \/é ('Ul) , (D2 2 ('U262'€

In the final basis:
massless photon, light W boson, light Z boson,
heavy W boson, heavy Z boson

Masses of massive gauge bosons in terms of
. . . . 2
leading term + corrections characterized by new physics parameter € = %



Gauge interactions

Interactions with fermions

‘Ck = Eneut'ral — ’L;’)’#(QIBY + 91W13Ti3 + 92W23T23)”1/}

Due to the light and heavy Z boson mixing, there exist
tree-level FCNCs

e?gct.ZM\ /- -
(—2 2 7z + ATk ) (ULT(E’Y;LATUUL — DLT]B’YMATDDL) |
CESE Cw

A =diag(0,0,1) 5 il for lighter Z

g1 g2

SE

— y CE pm .
Vg2 + g2 VI3 + g3



EW precision tests

e Assume: eSM — e, G}S;M = Gp, mgM(also denoted as myz) = my,

* EXpress quantities in the model as corresponding
SM values plus corrections

€2 l—=z

1 — C% s_WA2
2

fe =

Found:

2 212
My, ¢* Su Cg SL(CLSd - SLCJ)

p = =1+ + O(€°)
m% L C%v 4Cw



EW precision tests

Universality constraints

non-universality in the charged lepton decays 7 — uv,v; and 7 — ev,v-.

violation of universality between 7 — puv, v, (7 — ev.v,;) and p — evpu

G2 G?

¢ = 1.0029 = 0.0046, T _ 0.981 + 0.018.
G2, G2,

F F

TE

2 2
Gl;‘ G}lw

G# _G,zm_( .



EW precision tests

* Fit w/ data: EWP observables with universality
constrains

e Found: best fit favors a small e

insensitive to the value of the mixing angle cp



recision tests

insensitive to the value of the mixing angle cp

10 l' I 1
]
0.8
0.6 @100 |
H Ax?=2.30 2 min
g | Ax e | my"y, GeV
0.4 Ax?=5.99

0.001 | 0.001 | 226132
2.30 (1) | 0.035 |  6460.28
5.99 (20) | 0.049 | 4614.04

L Min heavy gauge

0.0
0.04 0.06 0.08 0.10 0.12 0.14
e boson masses at
Figure 1. Contours of the x* fit based on the EW observables and the non-universality 2 1
constraints. The blue, green and purple curves indicate the x* values away from the mean CE - 2

by 107, 2.30 (1o standard deviation) and 5.99 (20 standard derivation), respectively.



Matching with Higgs Data

* Relevant tree-level Higgs couplings include
corrections due to

mg
ghif = 9

2m?
Ohzz = :

2
2 m l“"'l'

ghww =
2

_ Mz

Ghhzz = 02
2

0 - My,

hRRWW — — 5 -
12

 SM Higgs decay: bb, WW, gg, tautau, cc, ZZ,
diphoton, Z gamma, mumu



Matching with Higgs data

* Parameters characterized new physics:

=7, C3. (expect beta is large but not too large)

f aj; - Bf f
[ = — = Wi - . .
" (oi)sMm - (B )sm I = ggF, VBF. f=2ZZWW,yy, T,

T

i

* Hit with'Higgs signal strength



Matching with Higgs data

e 3 cases:

* 1) w/o hto charged Higgs coupling, w/o h-H mixing

mainly in diphoton and Z gamma loops

* 2)w/ hto charged Higgs coupling, w/o h-H mixing

* 3) w/ hto charged Higgs coupling, w/ h-H mixing
(in progress)



Matching with Higgs data

* Fitin 3 cases:
* 1) w/o h to charged Higgs coupling, w/o h-H mixing
* 2)w/ hto charged Higgs coupling, w/o h-H mixing

* 1) and 2) consistent with ¢ =% EWP fit, ¢
approaching 0.1

* In 2), hto HA+ coupling mostly constrained from
diphoton signal strength



Doing/To do

* Higgs signal strength fit in 3): w/ h to charged
iggs coupling, w/ h-H mixing

* Tree-level FCNC constraints: h-H mixing, heavy
Higgs H, heavy Z



Summary

We analyze a family model with SU(2)_1 \times SU(2)_2
\times U(1)_Y EW gauge group.

Fermion mass hierarchy is understood as a

The model has tree-level FCNCs. Those being compatible
with experiment are signatures of new physics.

EWP, Higgs data and FCNC constrain the parameter
space.



Thank you!
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Gauge interactions

Interactions with fermions

‘Ck > Echarged — QL(QIW{L + gQW;)VMQL

 €2ch.8p - _
Echarged ~ %W}j—# — g EUL7MVK1WDL — UL’YMT(TJNTDDL]
B €2cl.sp -
+ %WZ_HL UL7uVK1MDL — E EUL'YMT(BNTDDL]
+ h.c.
Sp g1 cp 92



