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Axial Vector Z’

Less is More

One of the minimal extensions of the SM: if SM fermions are
charged under a new Abelian U(1)' gauge symmetry and interacts
with a new vector boson Z':

- _ 1— 1
Ff = fy, (3“ — igqr.L (275) Z'" — igqr r (275> Z’“) f;

— . 1 )
= fy <8“ —ig(gr,L + CIf,R)EZW —ig(qr,L — qf,R)?Z'“> f

However, this minimal U(1)" extension brings the anomaly into the
SM if we don’t introduce additional fermions.

Kuo-Hsing Tsao University of lllinois at Chicago

Axial Vector Z' and Anomaly Cancellation



Axial Vector Z’

Especially if we consider pure axial vectorial Z', i.e. gr1 = —qrr
which has rich phenomenology interest. Here we discuss systematic
methods for generating anomaly free fermions spectrum:
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Axial Vector Z’

Especially if we consider pure axial vectorial Z', i.e. gr1 = —qrr
which has rich phenomenology interest. Here we discuss systematic
methods for generating anomaly free fermions spectrum:

» Mirror Construction
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Axial Vector Z’

Especially if we consider pure axial vectorial Z', i.e. gr1 = —qrr
which has rich phenomenology interest. Here we discuss systematic
methods for generating anomaly free fermions spectrum:

» Mirror Construction

» An Algebraic Construction
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Axial Vector Z’

Especially if we consider pure axial vectorial Z', i.e. gr1 = —qrr
which has rich phenomenology interest. Here we discuss systematic
methods for generating anomaly free fermions spectrum:

» Mirror Construction

» An Algebraic Construction

» General Algebraic Construction
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Anomaly Cancellation
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Anomaly Free Conditions

The gauge anomaly occurs when the gauge current is not
conserved at the triangular loop

<Ot >~ AP = TP, )] # 0

where ~° refers the chirality.

%Uﬁ) % u) %U(U % ua)

ugt)  U(1)  SuU2) SsuU(2) SuU3) SUE grav  grav

Other triangulars include SU(2)3 and one of SU(2) or SU(3)
vanish due to Tr[t] = Tr[r?] =0.
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Anomaly Cancellation
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Anomaly Free Conditions

SM is Anomaly Free

Awws = Y. &[]Vl > dlf]Y[fR]=0

fL/w SU(2) fio/w SU(2)
Aga =Y, dlAlY[A]l— > d[R]Y[k] =0
f,/w SU(3) fr/w SU(3)
Ace =Y _ dlfilds[f]Y[fi] = ) dolfrlds[fr] Y[fr] = 0
fL fr
Apggs =) _ d[filds[AI(Y[A])® Y dilfrlaslfRI(Y[fr])® = 0
fL fr

where dy is the dimension of the representation under SU(N), and
Y is the hypercharge.
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Anomaly Cancellation
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Anomaly Free Conditions

U(1)" Anomaly Free Conditions

Analogously with the SM anomaly cancellation condition, there are
Awwz:, AggZ’y Accz', and Az 77 and two additional
cancellation needed from U(1)-U(1)" mixing:

Azizg = Y dlfids[f]YIA(z[f])* =D dolfrlds[fr] Y [fr](2]fr])?

f fr
=0
Appz = Zd2[fL]d3[fL]Z[fL](Y[fL] = dlfrlds[fr]zlfRI(Y[fr])?
f fr
=0
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Anomaly Cancellation
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Anomaly Free Conditions

Exotics and Anomaly Free
In the case of a pure Axial vector coupling to both the SM and

DM:
2= zg) = = A0 0= 0 = 0 =2y, =~z
Field Name U(l)y SU(2), | SU(3) Notation
QL Qg 1/3 2 3 (3,2)qs3, 2)
u;.?, U/L,R 4/3 1 3 (1,2)(4/3’ z)
di, d g -2/3 1 3 (3,1)(—2p, 2)
L, Ly g -1 2 1 (1,2)(-1, 2)
ek € R —2 1 1 (1,1)(-2, 2
SLR VR, XLR 0 1 1 (1,1), 2)
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Anomaly Cancellation
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Anomaly Free Conditions

The Mirror Construction

Anomalies are canceled if for every SM fermion there is an exotic
in the same representation of SU(2) and SU(3) with:

Kuo-Hsing Tsao University of lllinois at Chicago

Axial Vector Z' and Anomaly Cancellation



Anomaly Cancellation
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Anomaly Free Conditions

The Mirror Construction
Anomalies are canceled if for every SM fermion there is an exotic

in the same representation of SU(2) and SU(3) with:
» The same U(1)y and U(1)’ charges but opposite chirality
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Anomaly Free Conditions

The Mirror Construction

Anomalies are canceled if for every SM fermion there is an exotic
in the same representation of SU(2) and SU(3) with:

» The same U(1)y and U(1)’ charges but opposite chirality

» Or with matching chirality, but opposite U(1)y and U(1)’
charges
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Anomaly Cancellation
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Anomaly Free Conditions

The Mirror Construction

Anomalies are canceled if for every SM fermion there is an exotic
in the same representation of SU(2) and SU(3) with:

» The same U(1)y and U(1)’ charges but opposite chirality

» Or with matching chirality, but opposite U(1)y and U(1)
charges

> ex. Q carries U(1) charge z; (i.e. (3,2)ys ), one might
add either a LH exotic in the representation (3,2)_y/5 _,, or a
RH exotic in (3,2)ys 2,
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Anomaly Cancellation
00008000

Anomaly Free Conditions

The Mirror Construction

Anomalies are canceled if for every SM fermion there is an exotic
in the same representation of SU(2) and SU(3) with:

>

>

The same U(1)y and U(1)’ charges but opposite chirality

Or with matching chirality, but opposite U(1)y and U(1)’
charges

ex. @ carries U(1)’ charge z; (i.e. (3,2)13,,), one might
add either a LH exotic in the representation (3,2)_y/5 _,, or a
RH exotic in (3,2)y,,

Cancellation happens state-by-state and
generation-by-generation

Kuo-Hsing Tsao University of lllinois at Chicago

Axial Vector Z' and Anomaly Cancellation



Anomaly Cancellation
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Anomaly Free Conditions

An Algebraic Construction
Assume zg\ = Zg = z; and introduce vector-like exotics
QL Qs up, Up, dp, di, I, I, €], ek,

Field Name U(l)y SU(2), | SU(3) Notation
Q. QLr 1/3 2 3 (3:2)as3, 2)
Uk, U] g 4/3 1 3 (1,2)q4ss, 2)
di. d] g -2/3 1 3 (3,1)(—2p, 2)
Lol | -1 | 2 1| (L2 s
k. € p -2 1 1| WD) o

SLR: YRy XLR 0 1 1 (1,1)0, 2)
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Anomaly Cancellation
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Anomaly Free Conditions

Straightforwardly, anomaly cancellation is solved by a general and
unique set of equations:

2q, = 2q; + 2zsm, zy, = Tzsm + 2y,

Zgy = Zg) + ZsM, 21, = 21y +6z8M,  zg) # 22¢) + Bl zsm + 14z,

Zg = %(Zdi + 6ZL/L - QZQI/- — 28zgm — 142”2)’
Zer = %(Zdl + 6ZL’L — QZQZ — 37zsm — 14Zu£),
1
7, = ﬁ( — 8231 — 4dezQ£ — 322%1 — 74ZdZZSM + 582Q£ZSM

_4042§M — 282dizu,’_ + 56ZQ£Zu,’_ + 46928MZu1,_ + 133232) )

where Q = 606ZSM + 1682u,’_ — 122d£ + 24ZQ£
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Anomaly Cancellation
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Anomaly Free Conditions

If zgn = zq, = 1 and zy = —2q, = -3
Zu;? = 47 Zdi = 37 Zd/'? = 47 ZL'L = _97
Z = -3, Ze = —13, Zey = —16.
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Anomaly Cancellation
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A Selection of Anomaly Free Axial Vector Models

ng | Universal? | Lepto-phobic/philic?
1. /wo DM Model 3 v X
2. /w DM Model 3 v X
#3. L-phobic Model 3 v Leptophobic
4. L-phliic Model 3 v Leptophilic
#5. 1G-Model 1 N/A X
£6. t-b-Model 1 N/A Leptophobic
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Anomaly Cancellation

0@00

A Selection of Anomaly Free Axial Vector Models

Field #1 #2 13| 4 85 | 16
2[QL] 1 1 1 0 1 1
2[ug] -1 -1 -1 0 -1 -1
2[dg] -1 -1 -1 0 -1 -1
2[Ly] 1 1 0 1 1 0
z[er] -1 -1 0 -1 -1 0

University of lllinois at Chicago
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Anomaly Cancellation

[e]e] le)

A Selection of Anomaly Free Axial Vector Models

Field ¢l £ £3 ¢4 05 | 16
z[x1] - 9 9 -9/4 1 1
z[xR] - -9 -9 9/4 -1 -1
ZQ] | 1 1 1 ; 0 0
Q] |3 1 0 . 1 1
2] |3 2 2 2 1|
z[ug] 4 3 -1 5/2 0 0
2[d!] 3 6 2 2 1| o
z[dg] 4 5 11 -5/2 0 0
2L | -9 | -82/3 | -49/12 | -157/48 | 0 0
20 | 3 | 28/3 | 95/12 | -13/48 | 1 0
zle]] | -13 |-100/3 | 103/6 | -85/24 | -1 0
zlep] | <16 |-127/3 | 67/6 | -121/24 | 0© 0
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A Selection of Anomaly Free Axial Vector Models

Field £l £ 3 | ¢4 05 | 16
z[vR] - - - - 1 1
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Mass Generation

SM Fermions

For axial vector couplings z[QLuR] = 279 and z[Q,dR] = 2z, the
gauge invariant mass operator H' Q, ug requires that

z[HT] = —2z.

However, HQ, dr breaks down U(1)' gauge invariance. There are
two ways out:

University of lllinois at Chicago
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Mass Generation

SM Fermions

For axial vector couplings z[QLuR] = 279 and z[Q,dR] = 2z, the
gauge invariant mass operator H' Q, ug requires that

z[HT] = —2z.

However, HQ, dr breaks down U(1)' gauge invariance. There are
two ways out:

> Type Il Two Higgs Doublet Model
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Mass Generation

SM Fermions

For axial vector couplings z[QLuR] = 279 and z[Q,dR] = 2z, the
gauge invariant mass operator H' Q, ug requires that
z[HT] = —2z.
However, HQ, dr breaks down U(1)' gauge invariance. There are
two ways out:

» Type Il Two Higgs Doublet Model

> EFT higher dimension operators %SHTQLHR. S is a SM singlet
and gets vev (S) = v/ to break U(1)" (Froggatt-Nielson).

University of lllinois at Chicago
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@®0000

Mass Generation

SM Fermions

For axial vector couplings z[QLuR] = 279 and z[Q,dR] = 2z, the
gauge invariant mass operator H' Q, ug requires that
z[HT] = —22.
However, HQ dr breaks down U(1)" gauge invariance. There are
two ways out:

» Type Il Two Higgs Doublet Model

> EFT higher dimension operators %SHTQLHR. S is a SM singlet

and gets vev (S) = v/ to break U(1)" (Froggatt-Nielson).
» mz ~g'v'; mg ~ Asv' ( A is the S quadratic coupling);
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Mass Generation

/' Mass Bound
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Anomaly Cancellation

Mass Generation

/' Mass Bound

» In EFT(integrate out Z'), v/ <A
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Anomaly Cancellation
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Mass Generation

/' Mass Bound

» In EFT(integrate out Z'

),
» Unitarity tells us m¢, m,
JHEP 1602 (2016) 016)

~ v’ (F. Kahlhoefer, et al.

v/
S

University of lllinois at Chicago
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Mass Generation

/' Mass Bound

» In EFT(integrate out Z' A

),
» Unitarity tells us m¢, m,
JHEP 1602 (2016) 016)

» The heavy DM and top give the constraint:
mz 235 TeV () ({R%)

V
< ~ v/ (F. Kahlhoefer, et al.

University of lllinois at Chicago
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Mass Generation

Mass Generation For Vector Like Pairs of Exotics Fermions
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Mass Generation

Mass Generation For Vector Like Pairs of Exotics Fermions

> It is model dependent. Exotic Higgses are needed.
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Mass Generation

Mass Generation For Vector Like Pairs of Exotics Fermions

> It is model dependent. Exotic Higgses are needed.

» UV completeness also requires the introduction of new vector
like fermions.
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Mass Generation

Mass Generation For Vector Like Pairs of Exotics Fermions

> It is model dependent. Exotic Higgses are needed.

» UV completeness also requires the introduction of new vector
like fermions.

» mz ~ g'v' ~ M and the exotics (M ~ y'V'):
mz:

M<y ~—= |
~ g'(mz)
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Anomaly Cancellation

[elefo] le]

Mass Generation

Model #1
z[H] =2, z[S1] =1 and z[S4] = 4

Lsmy O yiHQLug + 2 SaHT Qudr + 2L SaHTL e

£Ex D) lesl QLQR —|— 525TULL7;? + yd/51d£c7,/;, yU 54512L/ L’
+ye 545TeLeR

Luv D ypH Lir + y),Sathrer + mythrr

where A =

y’;’;p, and ¢, ¥ in the representation (1,1)_53
Y
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Mass Generation

Mass Generation For Mirror Construction

In order to have above EW massive mirror exotics, additional U(1)’
neutral charged exotics fermions are introduced:

Luyir O SQ] Qk + Sijug + Sdjdi + SL; Lix + S&er .

where z[Q]] = z[uR] = z[dg] = z[L]] = z[e] = 0 and z[S] = —1
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Breakdown of Low Energy Theories

The Non-Perturbative Limit

U(1)’ coupling strength o/ = g’?/4n runs with the energy scale @
is given by

da'~1 b , 2 , 1,
dInQ—*% Wlth b_¥3zf+¥3s

If the new fermions enter at the scale M, the running of g’ to
some UV scale A is described by

bz by + b
o/l(/\):o/l(mzl)—/ 22 dinQ — / AR + MdamQ
m yis

Zl

where bz/ the sum is over the SM states and DM.
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[e] Jele]ele]

Breakdown of Low Energy Theories

At the scale Ap, the coupling becomes non-perturbative
o'(Ap) ~ 1 (Landau Pole)

1 m 27 27
Np =M —— [ bz 1 —
7 =P |:b/\/[ + bZ’ ( 7' 208 [ M :| + Oé/(mZ/) O/(/\?)>:|
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Breakdown of Low Energy Theories

The Non-Renormalizable Limit

The scale limit Ag for an anomaly EFT theory maintaining
renormalizable without introducing exotics to cancel anomaly at
scale M is: (Preskill 1991)

6473
M<mzy|————|=A
(|g§v42'2/z'|> R

where gg = g(Ag) and Az 7/ 7 = Tr[2%] is the U(1)"® anomaly
coefficient calculated in the EFT below the scale of the exotics M.

Kuo-Hsing Tsao University of lllinois at Chicago

Axial Vector Z' and Anomaly Cancellation



Axial Vector Z’

ly Cancellation Summary and Outlook

Breakdown of Low Energy Theories

Model # 2

Logy, M/GeV

A O @
Log,o M/GeV

—1.0 —0.8 —0.6 -04 -02 0.0 -10 -08 -06 -04 -02 0.0
Log, 9'(Mz) Log;o g'(Mz)

PURPLE CONTOURS: g’ runs non-perturbative. GREY REGION:
Ap < M. RED CURVES: Ag for mz ~ 1 TeV(DASHED), and 100
TeV(soLID). YELLOW CURVES: Unitarity for mz ~ 1
TeV(DASHED), and 100 TeV(SoOLID).
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Breakdown of Low Energy Theories

Model # 3 Model # 4

Log,q M/GeV
=
o

A OO ©

-1.0 -08 -06 -04 -02 0.0 -1.0 -08 -06 -04 -02 0.0
Log,, g'(mz) Logy 9'(Mz)
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Breakdown of Low Energy Theories

Model £ 5 Model & 6
18 18
16 16
14 14
> >
3 12 3 12
= =
5 10 >, 10
g g
a8 ]
6 6 Ee
: I |

-1.0 -08 -06 -04 -02 0.0 -1.0 -08 -06 -04 -02 0.0
Log,, g'(mz) Logy 9'(Mz)
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Summary and Outlook
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Summary and Outlook

Summary and Outlook

» Anomaly free and UV complete models for axial vector gauge
bosons coupling to SM fermions.

Kuo-Hsing Tsao University of lllinois at Chicago

Axial Vector Z' and Anomaly Cancellation
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Summary and Outlook

» Anomaly free and UV complete models for axial vector gauge
bosons coupling to SM fermions.

» The additional states required for anomaly cancellation with
potentially important constraints have been highlighted.
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Summary and Outlook

Summary and Outlook

» Anomaly free and UV complete models for axial vector gauge
bosons coupling to SM fermions.

» The additional states required for anomaly cancellation with
potentially important constraints have been highlighted.

» The study of phenomenological issues for the t-b-philic case is
coming soon (Model £6). arXiv 1701.xxxxx
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Summary and Outlook

Thank you!!!
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