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Why Light gauge bosons/Z’s?
Light Z’ =Neutral Gauge Bosons with O(GeV) mass

/' s emerge 1n many extensions of the Standard Model(SM).

Dark Z’
Fermions/ [VWVVVVVVVVVV/VVW/WN SM
Scalars

Light Z's also influence observables such as:

(1) running of a from low energies up to m,,
(2) o(eTe™ — had)

(3) the (g —2),
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Two benchmark models

The dark photon (A)) Baryon number gauge boson(5))
—%F Y e %F iy o 4 %8}7 pd w4 %mj,A/;A'” %BBWF "+ g,B.qrtqg —
e < 1 : Kinetic mixing with SM photon. B, [(&] + Q; Mo Variq — g, ;//“‘f]
Lo D eel;MA¥, where the coupling is from (Q~=10r1/3,0,=0)

kinetic mixing with the SM photon.




Two benchmark models

The dark photon (A))
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Their relative signs are fixed
No gauge anomalies generated

Baryon number gauge boson(5)
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Gauge anomalies, such as SU(Z)I% X U(1)g




Collider bounds on the two models

Gaps near Hadronic resonances, either due to BR to leptons being small or

due to QCD background Can we cover the gaps??
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Two ways to hunt for Z’

Direct

From collider searches using the o(e"e~ — had) data

Indirect

Using the (g — 2), in combination with other data
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New PhyS|cs in (g — 2) ?

Inputs from three areas:

(a) Experiment a,"

(b) Theory: Lattice a}f‘t
(¢c) Theory: Data-driven(DD) d,? D
Does exp agree with theory? a, test

Exp vs Lattice:0.960  Exp vs DD: 50

Do the theory calculations agree with each
other? HVP test

Lattice vs DD : 4o



SM :

NP:

1 loop contributions

Photon contribution

Electroweak contribution

04
al = — ~ 116,140,970 x 107" aV +al+a’ =~ 194.8 x 107!

SNY .

~

X=NP gauge boson

2 2
B 87 0.6 GeV
aX ~ 196 x 10~
4 3 X 10_3 mX

Comparable to EW contribution for small g !

8 .
pdg.lbl.gov/2024/reviews/rpp2024



2 loop SM contribution

H},},(kz) = non-perturbative hadronic vacuum polarisation (HVP). How to calculate 1t?

Method I : Lattice can directly give us H},},(kz).

Method II ;: Data-driven method.

U

1 o0
al’ = (aPIfVP)DD =1 J ds K(s)|oc(eTe™ — had)|from experiment
\)

q " th
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Presence of X contaminates HVP

1 0
(a/fIVP)DD = —J ds K(s) o(ete” — had)
473 J,

th

But now we have an extra cross section due to X

1 o0
(afVP)DD = 4_7ﬂj ds K(s) o(e"e”™ — y — had)

th

o= J ds K(s) 6" *(ete”™ — had) — -y
2 \)

th

1 (% v B
| ds K(s) 6*(ete” — had)
473 S \ 9

[ attice
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The NP contributions to HVP

1 o0
(a/fIVP)y_X = —J ds K(s) 6" *(ete™ — had)

473
th

1 > ¢ : : 9
Small ( a;{VP)X off _ _[ ds K(s) o(e*e~ — X(off — shell) — had) Just the “contamination

473
. of the HVP
1 o0
(a/fWP)X o — ﬂj ds K(s) o(ete™ — X(on — shell) — had)
ﬂ: \)

th

Discrepancy between DD and lattice, should be due to the New Physics(NP) contributions.
( a/i—IVP)y—X 1 ( a/EIVP)X—on — ( a/i—IVP)DD _ ( a/fIVP)lat (i 9) 0)

This gives us the HVP test
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2 loop NP contribution to a,

Non-perturbative blobs I1,_y and I1y_y

are difficult to compute

y — X contribution Pure X contribution Tust the HVP contamination

Using
(1) Optical Theorem

(2) Renormalisation choice IT,_y(my) = 0, Iy_y(my) = 0
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The a, test

Discrepancy between experimental and SM=lattice numbers should be due to NP. This 1s the
lattice a, test

Aa, =a® —a = a; + al ™ +aX X x a; + ag_x (£20)

u u u u

exp __ lat _
aﬂ aﬂ
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The a, test

Compare this to “old™ a, test:

— 48Xp _ ,SM(=lat) _ X 4
Aaﬂ = a, a, = a, (+20)

How much will you miss?

Perturbative estimate:

y)
_ . 87 gq 0.6 G€V>
a’* ~10x 10~

/ a/i( 2 1 torg,/g, S 1072 . Effect his dimportant for X with hierarchical coupling to
adrons.

y—X
aﬂ
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Can also compare the Data Driven and exp. , giving us the Data-driven a, test

exp _ DD _ X _ (,HVP\X—on
a, a,” =a, (aﬂ ) (+20)

From optical theorem, in the limit of [ |, << m,,, we showed that

(Cl,fl Yo & a; BR(X — had) Cancellation

for BR(X — had) — 1

a,”’ — a//IRD ~ ali((l — BR(X — had))| (£20)
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Putting all the tests together...

Lattice a, test a;XP _ a}f‘t ~ aff + alfl’_X + 20
Lattice vs. Exp

Use any one

Data-driven a, test

Data-driven vs. Exp




Putting all the tests together...

HVP test

Data-driven vs. Lattice

( a/fIVP)DD . ( Cl//I;IVP)lat — a’l};—X 4 ( a/I;IVP)X—On + 26

= aZ_X + aj( BR(X — had) * 20
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[Lattice = BMW

Revisting the tensions....

24, Exp= World avg. value
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Exp. and lattice nos converge but DD
numbers don’t due to different

o(eTe” — had).

Current Scenario : Take white paper (T1
2020) result. HVP and DD g, test :

a!™ + a) BR(X - had) = — 210 + 2(52)
a) (1 —BR(X — had)) = 250 % 2(46)

Futuristic Scenario : DD to be on top of
lattice. HVP and Lattice a, test

a!™ + af BR(X — had) = 0 £2(52)

ay +al ™" =40 £ 2(44)
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For the current numbers
HVP)X on.

DD a,, test rules out most points because of the cancellation between a//)f and (a,,
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EE

For the current numbers

For dark photon , far from resonances, BR; ., ~ 0.5, so cancellation 1s not complete.
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EE

For the current numbers

For Baryon number gauge boson, BR,.; ~1, hence complete cancellation.

a/i((l — BR(X — had)) =250 £26 (inunits of 107!}
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For the current numbers

Almost all the parameter space 1s excluded now.

a’™ +aX BR(X —» had) = =210 *2¢ (inunits of 107"
Tve
Dark photon Baryon No. with g;/g, = 0.05
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For the current numbers

SM (no new physics) is also excluded!
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Conclusions

(g — 2), provides a model independent way to probe light Z'.

Two independent tests proposed:

- a, test: Exp. vs. Lattice or Exp. vs. DD

- HVP test: Lattice vs DD (Current vs. Futuristic)

Cancellations between 1-loop and 2-loop on-shell effects leads to exclusion.

Based on current lattice (BMW 2024), experiment and data-driven (TI ’20), both dark
photon and Baryon number are excluded. The standard Model 1s also excluded!
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Thank You!
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For the futuristic case

This time the tests are less stringent. SM 1s consistent with both tests

X, X _ X, X _
al™ +a; BR(X — had) =0 a," +a, =40

Dark photon Baryon No. with g;/g, = 0.05
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mp (GeV)
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For the futuristic case

We see that a/ ™% < aif for dark photon so a, test doesn’t add much value

iz
ag_x + aj( BR(X — had) =0 a/’;_X + a/f = 40
Dark photon Baryon No. with g;/g, = 0.05
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For the futuristic case

We are able to cover the QCD resonances.

ag_x + aj( BR(X — had) =0 a/’;_X + a/f = 40
Dark photon Baryon No. with g;/g, = 0.05
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