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Intro/ motivation

+  Standard Model (SM) is the most accurate theory even made.
+  However, we know that it is not the final theory. It is effective.
+ In this talk, we will extend the SM with an additional gauge boson (often called Z).

+  However, we are going to explore an “exotic” version of the Z’: an anomalous Z’.



Anomalies



Anomalies

*  Anomalies
* Violations of symmetries via quantum corrections (loop-effects).
+ They split into: violations of
global symmetries: acceptable (for example the T — yy).
gauge symmetries: unacceptable. Have to be omitted!
* Gauge anomalies are forbidden in Fundamental Theories, but can appear in effective theories!

*  Such effective theories can come from string theory, GUTs, theories with a Higgs mech at a higher scale.



Standard Model as an anomalous EFT



Standard Model as an anomalous EFT

standard SM gauge group
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Standard Model as an anomalous EFT

standard SM gauge group
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Standard Model as an anomalous EFT

standard SM gauge group
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Standard Model as an anomalous EFT

standard SM gauge group these particles are
, A ‘ invisible to us
SUB) x SU(2) x U(l)y x U(1)4
E 4 =
couple with extra Higgs @ °
4 ' % e e s Hefioomnilb shomnennsconacazo: we are at this scale
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other fields SM
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+  After a Higgs mechanism the model is anomalous?!?
Anastasopoulos Kaneta Kiritsis Mambrini



Higgs mechanism & effective terms

+  After the Higgs mechanism (in a higher scale), the Higgs field ® = (v + r)e’*/" gives
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Higgs mechanism & effective terms

+  After the Higgs mechanism (in a higher scale), the Higgs field ® = (v + r)e’*/" gives

L/R

_ i . generates a =
wL/R/y ,qu/R / mass for At
L/R

a tandard Hi
DM(I)DM(I)* N AL @ VaV2V, S, > Stan ar. 1822S
mechanism

(IMZL%DR—I-h.C. > e > ----- ! |

*  Qut of which we have diagrams that generate effective terms

zero for a single A,
but present for more
L\ /
X -
wx<' : > ~ANANFy | |
ANV VoV generalised Chern-Simons
‘.- L > . ~a Fqx N Fy o
ANNQ Ay “axionic” terms J
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Standard Model as an anomalous EFT (back to our puzzle)

standard SM gauge group
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Standard Model as an anomalous EFT (back to our puzzle)

standard SM gauge group
. SUB) x SU(2) x U(l)y x U(1)4
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SM other fields
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+  After a Higgs mechanism the model is anomalous?!?

these particles are
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Standard Model as an anomalous EFT (back to our puzzle)

The anomalous coupling

0, m<£:+ mw<£:+ ,wv--t[,:i + W;‘Li =0  anomaly free
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these terms effective: they are

The an()mal()us 3-p()1nt Coupllng coming from the contribution of all

“heavy” fermions

jaU jal/ .,D
{QinQk} wf (A tzgk tzyk /
= Z L, Y I + LU NN T L, Y
N\N\S
f kap k,p k,p

axionic GCS

* Anomaly cancellation conditions: the Ward Identities vanish.

proportional to the anomaly
of the “visible” sector ~ ¢,y




these terms effective: they are

The an()mal()us 3-p()1nt C()upllng coming from ’Fhe contribution of all

“heavy” fermions
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these terms effective: they are
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The anomalous 3-point coupling

% U
Lijk Lijk /
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k, p k, p
axionic GCS
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The anomalous 3-point coupling
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m s - dependent the anomalous coupling ~ ¢,k



The anomalous 3-point coupling

Iz

i,ﬂm
k,p

Iz

vy
- Z I, U AN\«:
f k,p

m s - dependent

always present
(anomalous/non-anomalous models)

depends on the mass m ¢
The heavier the fermion the smaller
the contribution

depends on individual charges of the
fermion in the loop

&

<

&

, U
Lijk v Y

I, )i NN/ A

NN
k,p

the anomalous coupling ~ ¢,k

drops in anomaly free models

does not depend on any mass

depends on the full anomaly
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Standard Model as an anomalous EFT - Predictions

* This anomalous extension of the SM predicts
+ an (anomalous) Z’, (A¥ becomes Z’ after EW symmetry breaking),

*  new anomaly related couplings (not gauge-invariant) that cure the model.

'J\’Yl/ ’J\’YV
AMMA% AP nru A

AP t/l"Y'P
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Standard Model as an anomalous EFT - Predictions

* This anomalous extension of the SM predicts
+ an (anomalous) Z’, (A¥ becomes Z’ after EW symmetry breaking),

*  new anomaly related couplings (not gauge-invariant) that cure the model.

atter EW symmetry
YV YV breakin
5 - ’
AP nrv A AP pru A > vwZ, vwZ', ~ZZ, ~ZZ', ~vZ'Z', ZZZ', ZZ'Z'
“. “.
AP VP
SU(2)
5
AF Anl A " > IWTW=, ZW W=, ~vZWTW—, ~Z'WTW~
SU(2)
SU(3)
AP An A > Z gluons gluons, Z' gluons gluons,
% 507(3)
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Standard Model as an anomalous EFT - Predictions

* This anomalous extension of the SM predicts these couplings can

be tested today!
+ an (anomalous) Z’, (A¥ becomes Z’ after EW symmetry breaking),

*  new anomaly related couplings (not gauge-invariant) that cure the m

atter EW symmetry
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Standard Model as an anomalous EFT - Predictions

*  The new couplings have the same “structure” like the standard fermionic triangle diagram.

*  New diagrams appear where the triangle sub-diagram is replaced by the anomalous coupling.

N
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Standard Model as an anomalous EFT - Predictions

*  The new couplings have the same “structure” like the standard fermionic triangle diagram.

*  New diagrams appear where the triangle sub-diagram is replaced by the anomalous coupling.

2 / : if this diagram is present

An example: U~

N
//// ™ this diagram should
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free theories



Standard Model as an anomalous EFT - Predictions

*  The new couplings have the same “structure” like the standard fermionic triangle diagram.

*  New diagrams appear where the triangle sub-diagram is replaced by the anomalous coupling.

% / : if this diagram is present

An example: U~

BN
7 N L
” Ny : S
- N"A ™ AN -+ r A NN

//// \ U /’/M];’ absent in anomaly

free theories

*  How significant are the new (anomaly related) couplings?



How significant these terms are? How big is the anomaly?

+  All these new terms are proportional to the anomaly.
*  How big is the anomaly?
+  How significant these new three-point couplings can be?

*  Assuming that all 24 fermions of the SM have the same couplings, q‘f/ 4= 2itis

_ N foor f foof foof g
ijle = ) (qA,z’qV,qu,k_I_qV,iqA,qu,k_l_ W,idv,j9A,k +‘1A,iqA,qu,k)

f
\ 24 x (8+8+8+8) = 768

*  The anomaly can be huge, making the anomalous coupling the leading at 1-loop.
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Applications to the g — 2 of the muon



The g — 2 of the muon

+ Theoretical evaluation of the g — 2 of a fermion.

p
\s (g — 2)/2 of the fermion
/

2771@

IPI AN g = (—ie)ﬁ(p’)(v“Fl(q) - Fy(q) +~ FS(C])+W5(C]2VM—VVQVQM)FAL(Q))U(Z?)

all possible diagrams

* In “all possible diagrams”, propagate all possible fields in a model.

ng

Schwinger

+ Several models have been built, to explain the discrepancy (extra Higgs, Z, ...).

+  Qur goal is to evaluate the contribution of an anomalous Z’ to the g — 2 of the muon.



The g — 2 of the muon

*  We focus on the extra diagrams (from the presence of an anomalous Z")

. / massive part of the
triangle diagrams

q massive
IPERSAAN p 7 poooT :>““ B+

/?' U U/Z/

.
/SS

1-loop : leading



The g — 2 of the muon

*  We focus on the extra diagrams (from the presence of an anomalous Z")

. / massive part of the
triangle diagrams

q massive
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The g — 2 of the muon

*  We focus on the extra diagrams (from the presence of an anomalous Z")

. / massive part of the
triangle diagrams
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fermion in the loop, becomes significant
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The g — 2 of the muon

*  We focus on the extra diagrams (from the presence of an anomalous Z")

.

1-loop : leading (?)

massive part of the

7

)

the leading among
2-loop diagrams

the lighter the
fermion in the loop,
the larger the
contribution

triangle diagrams

massive
-4 A::>vw 9! -

the anomalous
coupling ~ t;;x

for large anomaly;,
becomes significant

We can compare we need to some numbers



Mass and couplings

1x 1074
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The g — 2 of the muon

*  We focus on the extra diagrams (from the presence of an anomalous Z")

7 / massive part of the

7 triangle diagrams

q RN

massive
1IPI o v = 7! M + A::>vw I +

/?' U U/Z/

w7 P
/ integral parts
0.0030 |
1-loop : leading (?) N
0.0020
0.0015 |
0.0010 | i

.

0.0005

electron

20 40 60 80 100 muon
mz [MGV]




The g — 2 of the muon

*  We focus on the extra diagrams (from the presence of an anomalous Z")

.
7

1-loop : leading (?) the anomalous
coupling ~ t;;x

leading among
2-loop diagrams



The g — 2 of the muon

Log[Aa,] 1-loop contribution
107° u
i
i
10~ Z/
tijk = 10 Uu
. Dominant 2-loop
contribution
area V\;here2 tile l0-12 |
anomalous 2-loop ~ —— w7z _ w7z _ _4
dominates the 1-loop \ 9z:qvy ~ = 109274 = =810
B 20 40 60 80 100
10~13 - YA [MQV]
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The g — 2 of the muon

x10~?Log[Aa,,]
3.5 |

3.0 |

2.5

2.0
tiik = 500
tijk = 100
1.5 tijk = 10
bijk =
1.0 |
—Z' —Z' —4
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Conclusions and future plans



Conclusions and future plans

+ T argued that
+ fundamental theories (anomaly free in the UV) can appear to be anomalous in the IR.
+  Effective 3-point couplings (axionic & GCS) cure the “anomalies”.

*  These new couplings depend on the anomaly.



Conclusions and future plans

+ T argued that
+ /' gauge bosons are more “likely” to be (superficially) anomalous than not.
*  The anomalous behaviour appears even in couplings that involve only SM fields.

*  The anomaly can be huge, these new terms can be significant (leading at 2-loops).



Conclusions and future plans

+  Theoretical directions

* Generalise the anomalous cancellation mechanism in effective theories in higher dims (6D).
Anastasopoulos Benakli Goodsell

+  Study the cutoff scale of the effective actions in comparison with the weak gravity conjecture. |
Anastasopoulos Benakli Goodsell

*  Phenomenological directions

* Analyse anomalous Z’ models in view of the new anomalous couplings, especially the ones
containing only SM gauge fields vvZ, vZZ, ZW W=, vnZW W™, Z gluons gluons...
Anastasopoulos Dedes Kiritsis
*  Study effective models with the features described before (total anomaly cancellation but not

individually in each sector).
Anastasopoulos Antoniadis Rondeau

*  Apply the new anomalous couplings to Dark Matter.
Anastasopoulos Clery Dudas Mambrini



Thank you



