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Intfroduction and Motivation

* Where is the new physics?

— Coupling vs. mass plane gives a useful (but rough)
schematic picture

Mass

>
Coupling large,
mass scale out of reach

Mass scale within reach,
Coupling Coupling small
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Intfroduction and Motivation

* Where is the new physics?

— Coupling vs. mass plane gives a useful (but rough)
schematic picture

* |n words, can generally decouple new physics by either taking
the mass scale very large or sending its coupling to be very
small

— Generally have smooth crossover between energy and
intensity frontier for new physics reach

|”

— Canonical BSM models that exhibit “small” couplings are

portal models
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Portal couplings and sensitivity frontier

* General UV behavior of QFT motivates probing
portal couplings to BSM sectors

— Orthogonal to SMEFT
e Sensitivity frontier: energy and intensity crossover

— A priori, mass scales and coupling strengths can vary
over decades

scalar Higgs portals:  ksS|H|? + Ao S?|H|* + Ay | @2 | H|?
neutrino portal: ynyLHN + h.c.

vector portal: eB,,, K*”

1 -
axion portal: —alkl,, F"

fa
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Portal couplings and sensitivity frontier

* General UV behavior of QFT motivates probing
portal couplings to BSM sectors

— Orthogonal to SMEFT
e Sensitivity frontier: energy and intensity crossover

— A priori, mass scales and coupling strengths can vary
over decades

scalar Higgs portals:  ksS|H|? + Ao S?|H|* + Ay | @2 | H|?
neutrino portal: ynyLHN + h.c.

. 224 . . .
vector portal:  €B,, K Attractive NP models within
1

axion portal: —ak,, " direct reach of e+e— machines
oo " a.g. 1. Liu, X.-P. Wang, FY [1704.00730]
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For this talk, eschew standard portal models
Instead consider gauge portal
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Building additional gauge symmetries

* Directly augment covariant derivative of subset of
SM fields

— New gauge coupling and symmetry-breaking scale are
still free parameters

* Immediate phenomenology and theory concerns
— FCNC constraints
— Chiral anomalies
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Building additional gauge symmetries

 Want to directly charge SM fields under U(1)’

— Flavor constraints imply U(1)’ should be subgroup of
U(1)g x U(1), x U(1), x U(1),
e Otherwise, U(1)" interactions spoil global SM flavor symmetry

* Since EW symmetry is chiral, most global symmetry
choices are anomalous

* Common exceptions: U(1)g , L-L,

— Renormalizability in UV requires new chiral fermions
Preskill (1991)

— Mixed anomalies force introduction of new EW-charged
3 3

states AU xUW)s) =5 AUWF xU1)p) = —
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Anomaly cancellation

— Renormalizability in UV requires new chiral fermions

* VL representations = allow tree-level Dirac mass term =
vanishing chiral anomaly contribution

e Chiral representations = forbidden tree-level Dirac mass term =
nonzero chiral anomaly contribution

— Mixed anomalies force introduction of new EW-charged
states Fileviez Perez, Wise [1002.1754]
 Anomalons do not have to carry color
— Minimal set of anomalons (SU(2), U(1),, U(1);)
LL(z,—%,—n, LR(z,—%,z), BL(1,-1,2), En(l,—1,-1).
N1(1,0,2), Ng(1,0,—1)

Felix Yu — Z' Studies in Exotic Z Decays



Gauged baryon model

* Minimal set of anomalons (SU(2), U(1),, U(1);)
— Collider phenomenology akin to SUSY EWinos

1 1
LL(27_§7_1)7 LR(27_§72)7 EL(17_172)7 ER(la_la_l)a
NL(17072)7 NR(laoa_l)

* Introduce ¢ as baryon-number Higgs (Q; = 3)
L=—yrLi¢*Lr —ypErL¢ER — ynNrL¢Ng + H.c.

* |n this construction, tree-level Z-Z' mixing vanishes
— Reintroduced logarithmically at anomalon mass scale
— Can also have tree or loop-generated Higgs-d mixing
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Gauged baryon model vs. EW SM

e Same structure in both cases

— Chiral fermions, spontaneous breaking, Zs and Higgses
* One underlying scale for each chiral symmetry

* Yet, U(1); (and any new chiral U(1)’) can exhibit
different mass hierarchy pattern than SM
* Consider all Yukawas larger than gg, A,

— Anomalons are non-decoupling a la top quark in h—> vy,
h—>gg
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Collider phenomenology: Z' resonance

e Canonical Z' dijet resonance from gauged baryon
number

 [Revisited as s-channel simplified model of DM production]

Lagrangian and branching fraction

g 1
BZ’Z( Gy an + 5 Ry QR>
—1
1 2m2 dm 1/2
1+=(1 ¢ ] — —t
*5(*@)( M)

NB: This afternoon and Friday’s BSM tutorial will feature an
introductory lecture on collider physics and hands-on sensitivity
study for Z' resonances at future pp colliders

B(Zp — jj) =
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Direct Z'; limits — circa 2014

* Dijet searches parameterized by coupling and mass

2.0 -

1.5

M
o0

1.0 o7

Open sensitivity /
gaps at O(100) GeV i

0.5

CMS 20 fb~!
now filled in

2500 3000

0.0 [ | | | | | | | | | | | | | | | | | | | | |
0 500 1000 1500 2000
MZ'B (GGV)
B. Dobrescu, FY [1306.2629], updated with ATLAS [1407.1376] results
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Direct Z'; limits
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scouting :' I, B
PN 27 b7 K
’ ' : V4 _
: //
- “-IQ‘ vy o -
i Open sensitivity -
,
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ATLAS i
I 37 fb! )
i 8 TeV TLA Remark: ttbar decay commensurate _
i scouting 203 ! with dijet signal at high mass _

O-O ! | ! ! ! ! | ! ! ! ! | ! ! | ! ! | ! ! | ! ! | !
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Direct Z'; limits

* Extend to lighter masses

1.6
-13

-10.8

-10.6
-10.5

104

-0.3
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TLA/scouting

e . A B
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Preliminary
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Direct Z'; limits

* Coupling and mass determine vev of U(1)’ breaking

1.6 e
13 I
ARGUS \17 ~ i,l
0.8 . los
\‘ —
0.6 “‘ . loe
05 - os
> o -04
03 U =03
|
I |
0.2 Z width 1 Lo
Anomalons : TLA/scouting |
at LEP / ' Z-Z' kinetic
Saturate 0.1 L ~ MmiXing - o
y; = 4m/3 10 50 100 500 1000 5000
Mz (GeV) Preliminary
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Gauge anomalies and EFT

* After EWSB (and U(1);) breaking, generate an
effective Z-Z'-y vertex

— Non-decoupling of anomalons in vertex matches with
Wess-Zumino term in anomalous U(1) EFT

* Calculate exotic Z decay width WIP with L. Michaels

— Inherent ambiguity in evaluation of triangle loop is
entire motivation for ABJ chiral anomaly
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Gauge anomalies and EFT

 Anomalons are basically copies of SM leptons,

except allow chiral mass under EW symmetry and

chiral mass under U(1),

LL(z,—%,—n, LR(z,—%,z), BL(1,-1,2), En(l,—1,-1).

NL(1,0,2), Ng(1,0,—1)

— Field content admits SM-like Yukawas as well as ¢-
coupled Yukawas

— With both Yukawa terms, would have triangle diagrams
with FCNC fermions

L=—yrL¢"Lr —ypELdEr —ynNLoNg + H.c.
—y1LLHER —y2LrHE; + H.c.
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Gauge anomalies and EFT

* Triple gauge vertex has two undetermined
parameters generally requiring physicality condition
(conservation of charge/Ward identity)

— Massive Z, Z' vectors also introduce Goldstone
equivalence in Ward identity contribution

F’U’V'O(lﬁ, ]{32; w, Z) — [Al (]ﬁ, kg; w) ghv’p? kgg

: —+ Az(kl, ]{32; Z) ct’P? ko + Ag(]ﬁ, ]{32) E”p‘66 ]fg ]f15 kos

+ Au(kr, ko) ePP0 kY kv kas + As (b, k2) €70 kS ki g koo

+ Ag(ky, ko) e PO kY ke kza] . Dedes, Suxho [1202.4940]
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Gauge anomalies and EFT

e Calculating the triple gauge vertex

— Using gauge eigenstates equivalent to mass eigenstates
since coupling-mass degeneracy holds

— Shifts which vertex has vector vs. axial-vector couplings

Dedes, Suxho [1202.4940]
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Exotic Z decay — complete result

* Full calculation of decay rate shows non-trivial
decoupling of anomalons

* EFT cannot know about UV completion
 Anomalons must cancel their own anomaly

_ gpg’e’my (1 — (my /my))
22118475 ¢ci,my

[(Z — Z'7) x

2
m
(9+7 2 2 2 log(m%’/mZZ) _|_4m?CO(OamZZamQZ’>mtamtamt)
mZ - mZ/
m2 2
+2—5 z 2 (Bo(m%,mt,mt)—BO(mQZ,,mt,mt))) Preliminary
mZ - mZ/

— C, and Bj are usual three-pt., two-pt. scalar integrals

* Top quark effectively acts as an anomalon
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Exotic Z decay

e Rate too small for LEP
— L3 probed Z = (jj)y for Br(O(10%))

- a) e'e 572" >Yy
= \—)hcdrons
C 95% CL
.E 10
E
g L3, PLB 292 (1992) 472
o
N N'[m TR L{fo,) Preliminary
2
49g9%g%e*m%, (1 — (m%, /m%)) m2
B Z N ZI — B YA 7z A 1 A 1 2, 2
( ) 22118475 %, my T 5 T g = mz, loslmz/mz)

2
- —7 Mz 4 4 mz 2 2
~ 1.52 x 10 (10 GeV) (1 —m3 /m%) (1 + 3 5 log(mZ,/mZ))
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Exotic Z decay

107 ¢ -

10—10

10—11 n

¢ Controlled by Landau-Yang Controlled by phase space &

10712 ! ! ! | ! ! | ! ! ! | ! ! ! | !
20 40 60 80 100

M, (GeV) Preliminary
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Exotic Z decay

e Rate too small for LEP
— L3 probed Z = (jj)y for Br(O(10%))

— Possible for GigaZ or TeraZ future collider, even HL-LHC?

* For TeraZ, naive rescaling from LEP gives Br(O(107)) sensitivity
— currently under study

* Also interesting to consider Z = (ll)y to improve on LEP bounds

4902 a%e2m2, (1 — (mi, /m4 2 2
B(Z = Z') = gpg e mz (1 — (my /mz)) (1_|_ mz 2))

log(m?,
221184752, m 7T 7 w2 = g, oelmz/mz

2 2
~ 2 —7 mz 4 4 4 my 2 4 2
~ 1.52¢g5 x 10 mz(10 GeV) (1—mZ /m%) (1 + 5 -~y log(mz,/mz))

Preliminary
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[ z
E Xot I C d e C q y exotic decays |topologies Nyes |Models

Z = X1X2:X2 = X1 0 |1A:xx20"x1 By (MIDM)

Z = XX 0 [1B: L-¥x B, B* (RayDM)
Z—=FE+~ Al H

7 —ay— (F)y 1 [1C: z—aB, B (long-lived ALP)

® A n Ot h e r St u d y Z = Al = () 1 |1D: e#¥"A’, B, 8,B, (WZ terms)

Z = dgA" g = (v7), A" = (xx)| 2 |2A: Vector portal

CO n Sid e red a n Oth e r Z—E+vy i{:) buda, b — (v7), ¢a —| 2 |2B: 2HDM extension

Z = Yox1, X2 = x10, @ — () | 1 |2C: Inelastic DM

set of exotic Z decays, TR Iy vy

Z = ¢pgA', A — ({707), ¢q —| 2 |3A: Vector portal

mainly focusing on o pere 0

Z — A'SS — (¢0)SS 1 |3B: Vector portal
° 74— d( L7 [y) = Pl 1 [3C: Long-lived ALP, Higgs portal
IVI ET S I g n a I S ( b u t a I S O Z = xax1 — x1A'x1 — (£Y¢)F | 1 |3D: Veetor portal and Inelastic DM
. . Z = yax1, x2 — x10+e- 0 |3E: MIDM, SUSY
I n C I u d e 4J a n d 3 V) Z = xxtT" 0 |3F: RayDM, slepton, heavy lepton mixing
Z = g A" — (xx)(5d) 2 |4A: Vector portal
Z—=E+J1J |7 dq A" — (bb)(xx) 2 |4B: Vector portal + Higgs portal

Z — xax1 — bby1 + x1 — bbE 0 [4C: MIDM

Z = ogA g — 45, A" — i 2 |bA: Vector portal + Higgs portal
Z = (JI)JINZ = p4A’, g — bb, A’ — jj 2 |5B: vector portal + Higgs portal
Z — dqA g — bb, A — bb 2 |5C: vector portal + Higgs portal

Z = vy | Z = dy—= (v 1 |6A: ALP, Higgs portal

Table 1. Classification of exotic Z decay channels by particles in final states and number of resonances
(nres). The x and x, are fermionic DM, x2 is an excited state of DM, and S denotes scalar DM. The

H final state J represents either light flavor jet j or heavy flavor jet b. A’ is the dark photon, and the ¢
LI U, Wa ng, Wa ng, XU e [17 12 -07237] is intermediate scalars. The parentheses () indicates a resonance in the final states. The dct:’ajls of these

models are discussed in the text.

Felix Yu — Z' Studies in Exotic Z Decays



e
Exotic Z decay

Model parameters determine precise Br reach

10712 s Gigaz 11012
10- 11 m TeraZ ém-u

Br{Z]

10-9

10-8 10—3
107 1107
10-6F 1106
10-5 110-5
10~ 1107
1073 11073
102 2102
10-1 1ﬂ—1

Liu, Wang, Wang, Xue [1712.07237]

Felix Yu — Z' Studies in Exotic Z Decays



Summary of collider constraints

1.6 - 7 116
113
-1
A -40.8
\ i B
.
o 0.6
j =05
= H0.4
5
i 1023
Q r “.
DA f i
v _ |
@\/' Z width I —0.2
\ |
. | TLA/scoutin
" Prospects for / g =
HL-LHC, Z-pole
ete " run? —0.1
L . . . [ . [ . [
10 50 100 500 1000 5000
M, (GeV) Preliminary
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e
Conclusions

* New BSM sectors built from a simple principle,
gauging an anomalous global symmetry of the SM,
has many rich phenomenological features

— Built from gauge portal

* Natural and irreducible signals arise from familiar
themes in EW physics

* Non-decoupling fermions in Wess-Zumino terms (and diphoton
decay of ¢)

* Transition to sensitivity frontier of NP searches

— Crossover between energy and intensity reach
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1 AP e 278360 (13 TeV)
Di |et resonances at LHC i M
;E 183 N “\ CMS _- Azicgliorj’zglroron ?

X ‘.:‘ —— — Scalar diquark =

o ; \ ‘\\‘ Color-oct'et scalar (K = 1/2) E

* Generally, any s-channel L N
10 i'e. -..-..- DM mediator =

Tl e RS graviton

resonance decays as a dijet PR
resonance 10 o S

i
_3 L
10 = —— gluon-gluon

| —4 [ —=— quark-gluon ".‘:‘\:'_T,;.:__‘“ K
* Practical counterexample: SM 13 i NN

Higgs Resonance mass [TeV]

— Experimental treatment 3

distinguishes parton content,
mass and width

l T T T I T T T I =
w EXp. 95% CL upper limit for 6 /m; =0 ]

wes Expected+1cand £2 6 7

Obs. 95% CL upper limit for: E
——0g/m;=0.15 3
—-0,/m;=0.10

——6/mg =0.07

o x A x BR [pb]
T

—
S
i

——0g/mg =

 Historically, emphasis has been

hlgh Mass reaCh 10‘3§[{;I=:30fev,37.0fb‘1 E

- ATLAS "

* Many recent developments on L
low mass probes CMS [1806.00843], ATLAS [1703.09127] MelTeV]



e 27 b '& 36 b1 (13 TeV)
Dijet resonances at LHC g0 AT AR
< OETTMS e Aeeenenaon

Q 103 <N, — — Scalar diquark . =

o 102 \ ‘\“\ i:fl‘o_ll'-t\);[t'et scalar (k = 1/2) ;

* Parton content o
108 . -.--.- DM mediator =

1 .‘ ‘\,\ ------ RS graviton 5

— Affects expected resonance
shape reconstruction 107 ot Ty

..‘_‘._"
-

-3
10 = —— gluon-gluon
[ —=— quark-gluon

° 1 0—4 - _‘.:‘37:'_7'.3-_‘.’{ g é
( ] d d h E —— quark-quark %] R, R
MaSS an WI t 10—5 II1III‘2‘I‘LIéII“4‘-IIIIé"J‘\él\-IIT‘“I'\lSF

Resonance mass [TeV]

l T T T I T T T I =
w EXp. 95% CL upper limit for 6 /m; =0 ]

wes Expected+1cand £2 6 7

Obs. 95% CL upper limit for: E
——0g/m;=0.15 3
—-0,/m;=0.10

— Drives expected background

* Low mass vs. high mass

—— 0 /mg =0.07

o x A x BR [pb]
T

——0g/m

— Orders of magnitude change :
in QCD rates il

107%E Iy <06 E
F \Vs=13 TeV, 37.0 fb™
L ATLAS
—4 1 1 l 1 1 1 I 1 1 1 I 1
10 2 4 6

CMS [1806.00843], ATLAS [1703.09127] Me!™®V]
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Dijet resonances at LHC

* Parton content

— Affects expected resonance 3"
shape reconstruction 5 o T
* Mass and width
10?

-
o

— Drives expected background v 06
vi=0o | | | | | Illhl

* Low mass vs. high mass o R —
— Orders Of magnitude Cha nge ;T;Oz%— :JI:ES:U.HC:eria:ntly::::::::: -
in QCD rates Host R Paewnan .|

— Essentially, straightforward
bump hunting

(a) ly*| < 0.6 selection

ATLAS [1703.09127]

Felix Yu — Z' Studies in Exotic Z Decays



Exptl. innovations in dijet searches

* Recall orders of magnitude variation in QCD bkgd

— Trigger rate saturates

* Reduce data volume (TLA/scouting) or set aside events
(parking) 105K |
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Z'; Collider Phenomenology

e Alternate trigger paths

— Use ISR jets, photons, leptons
* No new model dependence

_— 2 BTy 1 oo 0%
£ 1000} , ooy &
~ 500} | R 1000]
= N
o 'Sk 5 100,
0 I N I
10}
g 10 g
o 5¢ S i
= I s e
N ) N g .
50 100 ' 500 1000 50 100 ' 500 1000
Mz (GeV) Mz (G&V) " preliminary
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Reminiscent Higgs-like behavior

* ¢ production at LHC: Higgs-strahlung and VBF

irreducible g,

gg—> ¢ is mixing :
angle-suppressed 1002

50 100 | 200 | 500
My (GeV) Preliminary
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Reminiscent SSB behavior

e ¢ decay: Z’Z'""} is tree-level

— Essential: perturbative unitarization of Z'Z’ scattering

f
M3 cos?a M2, M2, M2,
4 h(1—4 Z' 4 12 Z) 1 —4—Z | for M, > 2Mz

3212 M2 M M2

T(p — Z' 2" = ¢
5M2, cos®ay,

2
3.2,4
61447 24Uy

Mcp RT(M%’/MS;) y for QMZI > M@ > Mzr ,

\

RT(x) =3

1 — 8x + 20x2 (32?—1) 1—zx
arccos —

3
2—1 472°%) — =(1 — 42%)1
T 57372 5 ( 3z + 47x7) 2( 6x + 42°) log =

Preliminary
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Reminiscent non-decoupling behavior

e ¢ decay: Z’Z'""} is tree-level
— At one-loop: ZZ', Zy, Z'y, and yy are irreducible and non-

decoupling
o M2 | sin oy, M? 4sin ay, MZ
T _ © ® ©
=)= 5605 | o TV aniz | T e, D 202
2
L cosay ZQ . M? Interference from top, W,
1
d 4M2 and anomalons
2
Fi(w)= = o+ (r - 12 )}
3 3
Fy(z) = -2 - ~t mQ(l —2z)Z(x)
1 2
—[QIOg(\/E—I—\/:c—l)—iw} , for z>1
Z(x)=4q 4 ) (1)
arcsin®(1/x) , for x <1 Preliminary
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Reminiscent Higgs-like behavior

e If >7'Z7" decay is phase space suppressed, rich set
of decays to SM states

1.000
0.500 -

_0.100 1 sinay = 0.05

X 0.050 | g = 0.3

N My =170 GeV

Q my = mg = 200 GeV

0.001 ——

Preliminary
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Reminiscent Higgs-like behavior

* Diphoton resonance is an attractive dlscovery

channel

Non-trivial
interplay from
mixing angle ay,
between gg—>d
and do->vyy

2.00 -

150

1.00°
0.70:

0.50

0.30

0.20-
0.15¢

0.10}

ATLAS, 13 TeV|
ATLAS,8 TeV |
""""""""""""""""""""""""" N
/1
/N .
RN “ 'I",
‘o‘ l’ )
\ V)
L «S']'
g Yo,
7 {\ 0
Sy Sy, /
.0\? -0\)\
80 90 100 110 120 130
M, (GeV) Preliminary

Felix Yu — Z' Studies in Exotic Z Decays



Gauge anomalies and EFT

* Besides non-decoupling in Higgs physics, chiral
fermions also exhibit non-decoupling in gauge
Interactions

— Induce Wess-Zumino terms

Harvey, Hill, Hill
LD gpg'?cppe’?’ Zp , B,0,B D,
9gBY CBB B,uPv&pPo Dror, Lasenby, Pospelov

1
+ ngQCWWEW'OUZB,M(Wf@pWﬁ -+ ggeachfW[?WCf)
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Comparison to GBE

e Qur result

22118471’56sz
m2 5
9+ 7ﬁ log(mz, /m7) + 4miCo(0,m3, mz,, my, mq, my)
mz A

X

5 2
m
+2—ZB m%, mg, m Bo(m%,, m¢,m
e (Bolmy, e me) — Bomy, m m)

* Dror, et. al.: Replace Z' by Goldstone, only consider anomaly coupling

— lgnores poles in finite form factors that cancel anomaly

L= A gX(pQgg ZWF’“’
1672 mx
100 GV 2 Dror, Lasenby, Pospelov
D(Z = Xy) = L1 x 105 A%3 ( ) [1705.06726]
mx
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