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Effective Field Theory

e Several outstanding problems (dark matter, neutrino masses,
baryon asymmetry of the universe, strong CP, inflation, hierarchy problem,

new physics flavor problem, ...) necessitate thinking of the
Standard Model of particle physics as incomplete

e Effective Field Theory is perhaps our most powerful
tool in modern particle physics phenomenology

— Scale separation affords framework to capture wide
classes of ultraviolet completions to the SM

* One particular focus of mine — chiral NP extensions
— Effective descriptions generally exhibit non-decoupling

— NP chirality can be orthogonal to SM chirality
* Exhibit interplay of misaligned Higgsed/unbroken phases
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Quick word on chiral symmetries
Minimal fermion reps. on 4D spacetime are either LH or RH
Weyl spinors & Eigenvalues of y> matrix

— Can assign distinct U(1) charges/gauge reps. to LH and RH
fermions

* Fermions are necessarily massless
Can demonstrate (Fujikawa’s method, 't Hooft-Veltman prescription,
etc.) that each fermion contributes to current non-
conservation at 1-loop — the Adler-Bell-Jackiw anomaly

Anomaly cancellation is a necessary, nontrivial consistency
condition for gauged chiral symmetries

— 't Hooft anomaly matching ensures anomaly is cancelled at
all scales, even across dual descriptions

e SM fulfills this condition generation by generation
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I
Lessons from SM

* Several open problems in BSM physics stem from
(or rely crucially on) chiral nature of SM
— Gauge hierarchy/Minimal Higgs content
— New Physics Flavor Problem Standard Model of Elementary Particles
— Baryogenesis problem B e
— Neutrino mass mechanism m
— Strong CP ‘OO0 |e®
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Effective theories of chiral physics

Moreover, effective descriptions of chiral symmetry
have widespread phenomenological use
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> [T T rorrrrT L "]
= |;’ l: m,=125.38 GeV W Z 1o
. : L P -
Predictive nature of SM Higgs = ol
[ . . o g_
physics is controlled by chiral 2
- I b .
symmetry QL ™ s
. 03%F
Non-decoupling top quark dof 1 ¥ ... ﬂﬁn _
gives Higgs low-energy theorems _ 1?_1;_”| o G ]
n 12- - 1.05f ;
2 1.03-}- ----------------------- ;f --------------------- ooﬂ{.—
% 0.8f ! 0.95F .
o 0'6-..I Ll Ll Ll M
10~ 1 10 10?

Particle mass (GeV)

Felix Yu — Gauged U(1)" Symmetries




Effective theories of chiral physics

* Another example: chiral Lagrangian for N =3 QCD

Chiral effective Lagrangian models
phenomenology of mesons via (qq) = v°
qguark condensate ansatz

. v .
urug ~ [(arur)|exp(i(6r0 + 6,)) = ?exp(z(ﬁﬂo +0,)) ,

~ B 3
Meson spectroscopy leadsto ; , (drdg)| exp(i(—0y0 + 6,)) = —

famous U(1) problem ;

2
SLsr ~ |(spsr)|exp(iby) = % exp (i) ~

Phase counting leads to Strong CP

problem
Kivel, Laux, FY, JHEP 11 (2022) 088 [2207.08740]
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B
Global vs. gauged chiral symmetry

* Will focus on gauged chiral symmetries
— Chiral anomalies (Adler-Bell-Jackiw) must cancel in UV
— ‘t Hooft anomaly matching prescribes chiral
transformations are inherited across phase boundaries

* For example, pion decay to two photons via global (U(1)gy)?
anomaly

— One goal: construct an observable to “measure” gauge
chiral anomaly Michaels, FY, JHEP 03 (2021) 120 [2010.00021]

* Aside: extending SM via a new global chiral symmetry is basis for
axion physics
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e
Qutline

U(1)z model and field content
* Collider physics of new scalar ¢

— Z'-fusion and Higgsstrahlung production, decay patterns

— Unmixed vs. mixed ¢-h scenarios
» Z-7'-y vertex, measuring a chiral gauge anomaly
* Conclusions
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Gauged U(1); chiral symmetry
* SM has global U(1)g x U(1), symmetry
e Can gauge any comb. of B or L without modifying SM Yukawas
A(SU(2)* x U(1)g) = g AU xU(1)B) = _73
* Choose gauged U(1); symmetry (Z' = di-jet res.)

— Add new EW fields (“anomalons”) to cancel anomalies

SU(Q)L % U(l)Y % U(l)B New fermion fields, carry
1 U(1)g charges

Li(2,—5. 1), LR(Z,—%,Q), FL(1,-1,2), En(l,—1,—1), N4(1,0,2) Ng(1,0, —1)
* Introduce @ (B-charge = +3) to spont. break U(1),

1
L= =12,2" + D0 — |0 — A|®
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e
U(1); model and field content

1 1
Li(2, =5, =1, Lr(2,~5.2), B(1,-1,2), Br(1,~1,~1), Ni(1,0,2) Ng(1,0,~1)

— Anomalons have two vevs for mass mechanism
Lywc = —yrLr®* Ly — ypELPER — yn N O Np
— L HER — yoLrHEy, — ysL HNg — ysLpH Ny, + h.c. |
* Set all Yukawas nonzero to avoid accidental Z, parity

(stable charged particles)
—Small y; and y, couplings give negligible effect on Br(h—>vy)

* Will consider NP spectrum with heavy anomalons,
lighter Z' and ¢ dofs
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Cross sections for ¢

* First consider case with no ¢-h mixing

e Leading production modes are “familiar”
Higgsstrahlung and Z'-fusion

— Reduce Higgs physics to the diagnostic essentials
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Cross sections for ¢ My = 3%y
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Current status: direct dijet resonance searches
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Decays of ¢

* For finite but heavy anomalon limit (M, = 200 GeV,
M, = 250 GeV), only tree-level decay is ¢ - Z'Z’

— When My < 2 Mz, one-loop decays of ¢ to V, V, or Vv, ff
are most relevant V.V, =vy,Z'v, WW, ZZ,7'Z, Zy
P1

D1 -

‘/'1,“
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e
Decays of ¢
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e
Decavs of &

One curious feature: Z + ff decay includes

interference with ZZ’, 77, and Zy one-loop amplitudes
1 - .
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Suite of collider signatures

 Stitch together production and decay

.. jfjf (VV)res
(J))res + (VV)res
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e
Cross sections with Higgs mixing

* Now, incorporate scalar mixing angle

12\ 2 2\ 2
V(®, H) = o <|<I>|2 - %0) + Ag (HTH - %0) + 20, |PPHTH

12 2

A Ao — A2

U/2 — >\H

Ap U

sin oy, ~
/ 2
9 9 )\¢U2_>\th

At Ag — A2

2
Uh:)\cb

e Current mixing angle constraints from overall signal
strength

JUATLAS — 1.05 £ 0.06 >,MLHC — 1026 + 0041— sin ap S 0.24

— 1.002 £+ 0.057
HoMS CMS, Nature 607 (2022) [2207.00043]
ATLAS, Nature 607 (2022) [2207.00092]

Felix Yu — Gauged U(1)" Symmetries



Cross sections with Higgs mixing

* Now, incorporate scalar mixing angle

12\ 2 2\ 2
V(®,H) = g <|<I>|2 - %0) + Ag (HTH - %0) + 20, |PPHTH

2 2
o2 — ) Ap Vg — Ap U )
HoN e — \2 ) Ay UpU
H \® ~ p
p SN Oy, ~ 5 5
'UQ_)\CI) H Yo P ~0
h A Ao — A2

* Denote scalar mass eigenstates as ¢ and h°

— Production cross sections essentially factorize according to SM
Higgs-like content vs. NP ¢-like content

— Most decay rates also factorize similarly
* Important exception: ¢ >vyy
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Cross sections with Higgs mixing
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A
Effect on exotic Higgs decay

* ForMy< m;,/ 2, must include induced exotic decay constraints

5 \
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.
@ decays with he,, mixing (M, =70 GeV)
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@ decays with he,, mixing (M= 100 GeV)
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@ decays with he,.: Comparison

* |Intermediate mass behavior depends significantly
on the M, vs. (M,,, M,) relative mass ordering
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Leading constraints from R,
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Triple gauge boson vertex with chiral couplings

* Another important critical one-loop amplitude to
calculate is the Z-Z'-y vertex

— Typically studied via 4-divergences for anomaly
cancellation

L k+a _I_

D2
+

AN P
— Following Weinberg and Dedes, Suxho, allow each diagram to be
shifted by a* = -b* =z p;* + w p,¥, using dim. reg. and naive y°

o

Dedes, Suxho, Phys. Rev. D85 (2012) [1202.4940]
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Triple gauge boson vertex with chiral couplings

* Vertex form factor decomposition (Lorentz-covariance)

Fuyp(plap%waz) —
Fi(py,pa2)e?PrIP2lplt 4 Fy(py, po)e?PHIP2lph o+ Fy(py, po)et? P12 pt o By (py, po) e PrliP2lpy
+Fy5(p1, po)etPrllP2lpf o B (py, po)e1PrlIP2lpl 1 G (py, po; w) e P pry + Ga(p1, pa; 2) e P pag

— The momentum-shift dependence in vertex is carried in G; and G, form factors

* Overcomplete basis: can eliminate F; and F, by redefining F;, ... Fg and
G, and G,

K _vpip1||p2| — vV _pp|p1|ip2 P _UV|P1||P2
_phevelpilial — _py gulpllpal e vl lpz

+ etrPe ((pl - P2) Pra — D5 p2a)
_pgevplplllpzl = —p} elelpillp2| v et Ipillp2|

— " ((p1 - p2) P2a — P3 P1a)

Dedes, Suxho, Phys. Rev. D85 (2012) [1202.4940]
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Triple gauge boson vertex with chiral couplings

* Vertex form factor decomposition (Lorentz-covariance)

IHP(p1, p2sw, 2) =
— Fg’(pl,pQ)eW|p1||P2|pT 4+ Fi(pljm)euplplllpzlpg 4+ Fé(pl,m)ewlplllpzlpf
+ F{(p1, p2)e"PrIP2lph 1 G (p1, pos w) e P pio + Gh(p1, p2; 2)€ P pos

— The momentum-shift dependence in vertex is carried in G; and G, form factors

* Ward identities see 4-divergence dependence on form factors
_plyF“VP = (—Fglp% — Fipl - D2 + G/2)€/Jp|p1||p2|
— P2 M = (—F5’ P1 P2 — Fé p% + G’l)euﬂplllml
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Triple gauge boson vertex with chiral couplings

* For our specific case, the vector and axial-vector Z and 7’
couplings of the virtual fermions appear as

THve — Qermggx cvplplpz|

(P1 + P2p) pEp— (w—2)(g7 g7 + 9792 )+ 4m>g] g7 Co(m))
> QeEM X / / ’
—pu I = 47T2cgvi eteIPLlP2l(w — 1) (g7 gZ + g2 97 ) — 4mPgZ g7 Co(m))

5 QeEMIIx . / /
P T = e pillezl(z 1) (g7 97 + 9797 )

— Dictates “non-decoupling” behavior of virtual fermions via
m? Co(m) —» —1/2 in heavy m limit

* Literature typically adopts a fixed choice of w, z to define
“covariant” anomaly or “consistent” anomaly

— Determines the corresponding Wess-Zumino effective operator
Preskill, Annals Phys. 210 (1991)
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An observable: chiral gauge anomaly

* Point of departure: construct observable for exotic decay of
L—>7Z'y
— New on-shell amplitude only possible in U(1) gauge extensions

— Sum over all SM fermions and anomalons necessarily eliminates
w, z dependence in total vertex function

* Requiring a total vertex function to be w- and z-independent is

equivalent(!) to anomaly cancellation condition Should readily apply to

AEM OO Y m’ZQ ( m%,) NLO EW corrections

9672cz, my

0(Z — Zgy) =

2
| i Z T3(f)Q§” [mQZTiZmQZ, (Bo(m%,mf) - Bo(m%,,mf)) ™ Qm?CO(mﬂ]

2

Y

2 2
my 2 2 o My
+ 3 (mzz _m2Z’ (BO(mZ,M) —BO(mZ,,M)) +2M mQZ’ CO(M))
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e
An observable: chiral gauge anomaly

e Exotic Z decay is emblematic of gauge U(1)’ extensions

— Test paradigm of U(1)’ gauge extensions by searching for suite of exotic Z decays
BI’(Z - Z'B ’y) in U(I)B

1073

L3 exclusion

BI‘(Z—>Z'B )/)
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Importance of future colliders
Michaels, FY, JHEP 03 (2021) 120 [2010.00021]

 Future e*e" machines (CEPC, FCC-ee) will be crucial
for testing new chiral gauge dynamics

Exclusion limit for U(1)g

TeraZ .-

-

Also, many CEPC/FCC-ee
studies of kinetic mixing
and DM production — see
Liu, Wang, FY, JHEP 06
(2017) 077 [1704.00730]

0.01
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An observable chiral gauge anomaly

* Curious feature: non-decoupling contribution for one generation of a
mass-degenerate set of SM fermions and U(1); anomalons

F(Z — Z/B,y)non—anom. —

3apmaax (m% —m%,)? ( m%)

32 m2cs mzm?,

— Effectively counts the mixed gauge anomaly between
chiral SM and U(1); gauge symmetries 'ncontrasttob-Lorl.~L.

symmetries

— Future work: obeys Adler-Bardeen non-renormalization
theorem?

Felix Yu — Gauged U(1)" Symmetries



Conclusions

* Effective descriptions of chiral new physics carries
rich phenomenology and field theory structure

— Many features for ¢ collider phenomenology reminiscent of Higgs
phenomenology, albeit with important interference effects

— Effective operator construction for Z-Z'-y vertex demonstrates a
new formulation of chiral anomaly cancellation
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I
Conclusions

* In era of many open questions and motivations for BSM physics,
crucial to create and test new paradigms

 We are dealing with big and fundamental questions, which
admittedly need experimental data to make progress

* Fortunately, the best data is yet to come!
Looking forward to CEPC as a new international flagship
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New gauge bosons and broken symmetries

e Consider augmenting SM by new U(1)' symmetry
— 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),

* Common examples: U(1)g |, L -L;

* Since EW symmetry is chiral, most global symmetry

choices are anomalous
Preskill (1991)

— Renormalizability in UV requires new chiral fermions

— Mixed anomalies force introduction of new EW-charged
states A(SU(2)2 x U(1)5) = g AU x U(1)g) = —73
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e
New building block: U(1)" gauge symmetries
* Eschew portal couplings, augment directly covariant
derivative of subset of SM fields

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

* Yet, possible chiral anomalies drive irreducible and
characteristic phenomenology
— Structure is reminiscent of EW Standard Model

— Adopt UV motivation for dijet resonances for context:
gauged baryon number
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Canonical resonance: Z' bosons

e 7' gauge bosons are ubiquitous
— GUT extensions, e.g. B-L

— Simplest Z' dijet resonance (avoiding dilepton signals)
arises in gauged baryon number

* Revisited as s-channel simplified model of DM production

* Lagrangian and branching fraction

L = 398Z;, (q7"q)

—1
1 2 2 4 2 1/2
1= (14+200) (1 =2
5 MZ/ MZ/

B(Zp — jj) =
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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

 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)y, U(1);)
LL(2,—%,—1), LR(Z,—%,2), E(1,-1,2), Er(l,—1,-1),
N.(1,0,2), Ng(1,0,-1)
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Gauge anomalies and EFT

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

* Naively proportional to U(1); anomaly

— Calculate exotic Z decay width Michaels, F [2010.00021]

— Non-decoupling behavior is subtle

* Anomalons must cancel their own anomaly contribution via
mass-dependent non-decoupling limit

— 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 SM leptons, except allow
chiral mass under EW symmetry and chiral mass
under U(1);
LL(2,—%,—1), LR(Z,—%,Q), En(l,—1,2), Ex(1,—1,-1),
Np(1,0,2), Ngr(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=—yL¢"Lr —ypEr¢Er — ynN,¢Ng + H.c.
—y1 L HER — y2LprHE; + H.c.
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Gauge anomalies and EFT

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

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

[P (ky, koyw, 2) = [Al(kla kosw) €07 kg

T Aok ko 2) @ Ky + As (ki ) €00 kY K ks

+ Ay(kr, ko) PP kY kyg kas + As (K1, ko) €50 kb kg koo

+ Ag(ky, ko) e"PO kY kg k‘25] . Dedes, Suxho [1202.4940]
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I
Gauge anomalies and EFT

* 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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Gavuged 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, Ag

— Anomalons are non-decoupling a la top quark in h—>vy,
h—>gg
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e
Gauge anomalies and EFT

* Besides non-decoupling in Higgs physics, chiral

fermions also exhibit non-decoupling in gauge

i i Harvey, Hill, Hill, PRD 77 (2008) 085017 [0712.1230]
I n ’ ) ’
Interactions Dror, Lasenby, Pospelov, PRL 119 (2017) 14 [1705.06726]

— Induce Wess-Zumino terms
L D gpg?cppe"?’ Zp ,,B,0,B,

1
+ gBg eww e P Zg y(WEO,WE + - ge“bcwgwgwg)

3
L>-Cp eE“C“j/QX P 7! (Z,0p A0 + Ay, Z)
&
(P1p + P2 )TH? = Cp EMIIX evelpalp]
cw
_py, TP — 905 SEMITX pplpalps|
CW
o, TP = ' EMITX. pillpa]
cw
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Exotic Z decay — complete result

 Anomalons do not decouple from partial width

— If they only obtain mass from Z’ symmetry breaking

Michaels, FY [2010.00021]
12

4
OEM OGO X T ™m 7,
I(Z — Zgy) = Z(l— Z)
( B ) 9671262”7 myg

‘ - D B(HRS [m%’”jzm% (Bo(mi, mys) — Bo(mz,,my)) + Qm?Co(mf)]
fe sM !

2
2

2
+3( mz (Bo(m’g,M)—Bo(mzZ,,M))+2M2m—2ZCO(M)>

7

2 2

— C, and By are usual three-pt., two-pt. scalar integrals
* Top quark effectively acts as an anomalon
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I
Gauged U(1); baryon model

* Minimal set of anomalons (SU(2), U(1),, U(1)g)

— Collider signatures are like SUSY EWinos

1 1
LL(27 _57 _1)7 LR<27 _§a 2)) EL(17 —1, 2)7 ER(17 —1, _]-)a

Np(1,0,2), Ngr(1,0,—1)
* Introduce ¢ as baryon-number Higgs (Q; = 3)
L=—y,Ly¢*Lr —ypEL¢ER — ynNL¢Np + H.c.

* Tree-level kinetic mixing vanishes
— Reintroduced logarithmically at anomalon mass scale

— Can also have tree or loop-generated Higgs-¢ mixing
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Aside: Chiral gauge theories

Chiral U(1)’ gauge symmetries give novel signatures

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

Exclusion limit for U(1)g

1073

RNe
10740 770
/

—
=Y
|

&)

Br(Z-Z's v)

o
|
=2

1077

myz,' [GeV]

Michaels, FY, JHEP 03 (2021) 120 [2010.00021]
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Introduction and Motivation

e 7' bosons are ubiquitous feature of BSM physics
— Arise in U(1)' gauge extensions of SM
— Vector or axial-vector mediator to dark sectors
— Hidden photon DM candidate via kinetic mixinchouijng

MHz GHz
LLLLLIL L L LI Ll 1 LULLL Ll

Axion
ar] oton
10*10 e — haloscopes

X___p ., K B

LS 2 cos(Ow) S0

Antypas, et. al., Snowmass whitepaper
on scalar and vector ULDM .
[2203.14915] T T T o 10s 1o 103 102 ot e oy

Dark photon mass, 1.,/ [eV]
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Widely applicable phenomenology

* Z' physicsis a standard ——mmmme e

(Tev) | (ab?) (Tev) | (Tev)
candle at colliders
HL-LHC pp 14 3 ATLAS | Zsu=>171- | 6.4 6.5
. tMs | Zgu>171- | 63 6.8 -
— Inform and establish s | Zieion | | s
ILC250/ ete- | 025 2 ILC Zeu> T | 49 7.7 —
discovery reach of o s | zwiwion | - | 7| |3
HE-LHC/ PP 27 15 | eppsu* | Zyue/=02) | - 11 g
p O S S i b | e fu t u re FNAL-SF ATLAS | Zgu—>ete | 128 | 128 %
ILC ete- | 05 4 e | Zgu>FF | 83 13 (Q
m a C h i n e S EPPSU* | Z'y,(g7/=0.2) - 13 N
cLc ete- | 15 25 | EPPSU* | 7' (e/=0.2) | - 19
Muon Collider T 3 1 IMCC Z'ynivlEZ'=0.2) 10 20 %
ILC ete” 1 8 ILC Zeu>ff | 14 22 a
EPPSU* | 77, (e/=02) | - 21 =
cLc ete 3 5 | epesu* | zy.(e/=02) | - 24 é.
RH. | Zeu->dijet | 25 32
FCC-hh PP 200 30 [ EPPSU* | Z(e/=02) [ - 35
EPPSU | Zgu>1+1- | 43 a3
. b | Muon Collider ptp 10 10 IMCC Zylez=0.2) 42 70 WV
Harris, FY, (sub-convenors), et. al. — e T T s o o
Snowmass su bgroup on BSM at Coll. In the Sea pp 500 100 R.H. Zeu > dijet | 96 130

Energy Frontier [2209.13128]]
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