
Anomaly inspired 

new physics searches

LianTao Wang

University of Chicago

MEPA 2022. USTC. Dec 18. 



We are here. 

Still about 10 times amount of data to come.


Most immediate question:

How to fully realize the potential of the LHC?

  

The immediate future



Bread and butter



For the coming couple of decades:

Precision measurements: Higgs coupling etc. 

Rare processes: exotic decays (h, W, Z, t), LLP

Filling gaps

A lot of important physics to do! 
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Precision: all eyes are on the Higgs

Current precision: 10(s)% 

A few Percent by the

 end of the LHC 
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Fig. 28: (left) Summary plot showing the total expected ±1� uncertainties in S2 (with YR18 systematic
uncertainties) on the per-production-mode cross sections normalised to the SM predictions for ATLAS
(blue) and CMS (red). The filled coloured box corresponds to the statistical and experimental systematic
uncertainties, while the hatched grey area represent the additional contribution to the total uncertainty due
to theoretical systematic uncertainties. (right) Summary plot showing the total expected ±1� uncertain-
ties in S2 (with YR18 systematic uncertainties) on the per-production-mode cross sections normalised to
the SM predictions for the combination of ATLAS and CMS extrapolations. For each measurement, the
total uncertainty is indicated by a grey box while the statistical, experimental and theory uncertainties are
indicated by a blue, green and red line respectively. In addition, the numerical values are also reported.

bined ATLAS-CMS extrapolation range from 2 � 4%, with the exception of that on Bµµ at 8% and
on BZ� at 19%. The numerical values in both S1 and S2 for ATLAS and CMS are given in Table 37
where the the breakdown of the uncertainty into four components is provided. In projections of both
experiments, the S1 uncertainties are up to a factor of 1.5 larger than those in S2, reflecting the larger
systematic component. The systematic uncertainties generally dominate in both S1 and S2. In S2 the
signal theory uncertainty is the largest, or joint-largest, component for all parameters except BRµµ and
BZ� , which remain limited by statistics due to the small branching fractions.

The correlations range up to 40%, and are largest between modes where the sensitivity is domi-
nated by gluon-fusion production. This reflects the impact of the theory uncertainties affecting the SM
prediction of the gluon-fusion production rate.

2.7 Kappa interpretation of the combined Higgs boson measurement projections23

2.7.1 Interpretations and results for HL-LHC
In this section combination results are given for a parametrisation based on the coupling modifier, or
-framework [42]. A set of coupling modifiers, ~, is introduced to parametrise potential deviations from
the SM predictions of the Higgs boson couplings to SM bosons and fermions. For a given production
process or decay mode j, a coupling modifier j is defined such that,

2
j = �j/�SM

j or 2
j = �

j/�
j
SM. (6)

23 Contacts: R. Di Nardo, A. Gilbert, H. Yang, N. Berger, D. Du, M. Dührssen, A. Gilbert, R. Gugel, L. Ma B. Murray, P.
Milenovic
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For the coming couple of decades:

Precision measurements: Higgs coupling etc. 

Rare processes: exotic decays (h, W, Z, t), LLP

Filling gaps

A lot of important physics to do! 



The gaps

New physics could be exactly where our searches lose sensitivity.


Can Nature be this smart? Or we be this unlucky?



New physics could be exactly where our searches lose sensitivity.


Can Nature be this smart? Or we be this unlucky?

Higgs search, 

on the eve of discovery

Remember this gap?
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Well known. Strong motivation. 


A lot of effort went into it. Certainly worth covering as much as 
we can.




For the coming couple of decades:

Precision measurements: Higgs coupling etc. 

Rare processes: exotic decays (h, W, Z, t), LLP

Filling gaps

A lot of important physics to do! 



Rare processes

Unlikely, but seeing one can teach us a lot.



HL-LHC as particle factories

> 1011 W and Zs

> 109 tops 

> 108 Higgses 

HL-LHC e+e-

108 W, 1012 Z

106 Higgses

105 tops
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Exotic Z decay 
J. Liu, X.P. Wang, W. Xue, LTW, 1712.07237
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signal can be well separated from these backgrounds. In
the future, the object reconstruction with separation not
only in spatial but also in time should help discriminate
the various backgrounds.

In addition, in specific searches, signal typically has
additional feature. For example, in our case, we actu-
ally have two visible objects with di↵erent time delays.
Taking advantage of such characteristics, we expect the
background can be further suppressed.

As a side note, triggering on delayed signals concern-
ing the primary interaction vertex could become a very
interesting and important application for the general
class of long-lived particle signals [30–32]. Triggers with
additional timing information (such as sizable delay)
would complement current trigger system that focuses on
very hard events, using HT , pT of jets, leptons, photons,
and missing ET [33, 34]. A much softer threshold could
be achieved with sizable time delays as an additional
criterion, which would be extremely beneficial for LLP,
especially for compressed signal searches.

Augmented sensitivity on LLP through precision
Timing.— Our first example is Higgs decaying to LLP
with subsequent decays into bb̄ pairs. This occurs in
model [10] where the Higgs is the portal to a dark QCD
sector whose lightest states are the glueballs. The de-
cays of the 0++ glueballs are long-lived. This benchmark
has been studied without exploiting the timing informa-
tion [35, 36]. Typical energy of the glueball is set by
the Higgs mass, and the time delay depends on glueball
mass. The signal of LLPs produced through the decay of
an intermediate resonance in other new physics scenarios
would have similar characteristics.

The second example is the decay of the lightest SUSY
electroweakino in the GMSB scenario. Its decay into
SM bosons (Z, h, or �) and gravitino is suppressed by
the SUSY breaking scale

p
F , and it can be naturally

long-lived. Amongst all the possible electroweakinos, the
bino is well-studied in a non-pointing photon search [19].
We study the case in which Higgsino is the lightest elec-
troweakino with decay �̃

0
1 ! hG̃. Our selection would be

general so that all visible Higgs decays into SM particles
will be captured. In our simulation, we generate event
samples with the Higgs bosons decaying into dijets. This
two-body decay topology corresponds to approximately
70% of Higgs decays. This benchmark represents the
timing behavior of pair produced particles at the LHC
without an intermediate resonance.

For both of our examples, timestamping the hard col-
lision is achieved by using a ISR jet:

SigA : pp ! h + j , h ! X + X, X ! SM, (7)

SigB : pp ! �̃�̃ + j, �̃
0
1 ! h + G̃ ! SM + G̃. (8)

For SigB, other electroweakinos �̃, such as charginos �̃
±

or heavier neutralino �̃
0
2, promptly decay into the lightest

neutralino state �̃
0
1 plus soft particles.

h → X X, X → j j
MS(30ps), Δt>0.4ns
MS(200ps), Δt>1ns
EC(30ps), Δt>1ns
MS2DV, noBKG
MS1DV, optimistic

BRinv
h <3.5%
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FIG. 4. The 95% C.L. limit on BR(h ! XX) for signal
process pp ! jh with subsequent decay h ! XX and X !
jj. Di↵erent colors indicate di↵erent masses of the particle X.
The thick solid and dotted (thick long-dashed) lines indicate
MS (EC) searches with di↵erent timing cuts. The numbers
in parentheses are the assumed timing resolutions. Other 13
TeV LHC projections [36, 37] are plotted in thin lines.

To emphasize the power of timing, we rely mostly on
the timing information to suppress background and make
only minimal cuts. In this case, we need only one low
pT ISR jet, with p

j
T > 30 GeV and |⌘j | < 2.5. In

both signal benchmarks, we require at least one LLP
decays inside the detector. We generate signal events
using MadGraph5 [38] at parton level and adopt the UFO
model file from [39] for the GMSB simulation. After de-
tailed simulation of the delayed arrival time for the dif-
ferent lifetime of the LLPs and geometrical selections, we
derive the projection sensitivity to SigA and SigB using
the cross sections obtained in Ref. [40] and Refs. [41, 42],
respectively.

For SigA, the 95% C.L. sensitivity is shown in Fig. 4.
The decay branching ratio of X ! jj is assumed to be
100%, where j here is light flavor quark. The EC and
MS searches, with 30 ps timing resolution, are plotted in
thick dashed and solid lines. For MS, the best reach of
BR(h ! XX) is about a few 10�6 for c⌧ < 10 m. It is rel-
atively insensitive to the mass of X because both 10 GeV
and 50 GeV X are moving slowly enough to pass the time
cut. The best reach points for di↵erent mass of X occurs
at di↵erent c⌧ and approximately inversely proportional
to mX . This is because the maximal probability for X to
decay is at a fixed d = c⌧� = (LT2�LT1)/(log(LT2/LT1)).
For large c⌧ at the EC search, the lighter X has worse
BR sensitivity reach than heavier ones, since the detec-
tor is shorter than MS and �t cut e�ciency is smaller
for lighter X. Interestingly, for c⌧ . 10�2 m, the reach
of light X becomes better than heavy X. For the MS
search, a less precise timing resolution (200 ps) has also
been considered with cut �t > 1 ns to suppress back-
ground. After the cut, the backgrounds from SV and PU

Higgs to LLP 
J. Liu, Z.Liu, LTW, 1805.05957

Flavor changing neutral currents

Many theories which include new physics
at a scale ⇤ well above LHC energies
predict enhanced flavor changing

neutral currents, giving rise to
potentially observable tHq vertices

FCNC is forbidden at tree level in SM
and highly suppressed in loop corrections
(t ! Hc = 3⇥ 10�15)

Such vertices can appear on the decay

side in tt̄ production

Also can appear in non-SM tH single-top

production
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Top quark FCNC

+ many more possibilities



This talk: “anomaly” inspired



Can these be it?

\

𝒎𝑾 at LHCb - Results

2022/5/18 19

• LHCb achieves a precision of ~ 32 MeV using roughly 1/3 of the Run-II dataset
• An overall precision ~ 𝟐𝟎 MeV is achievable with all existing LHCb data

𝒎𝑾 ൌ 𝟖𝟎𝟑𝟓𝟒 േ 𝟐𝟑𝐬𝐭𝐚𝐭. േ 𝟏𝟎𝐞𝐱𝐩. േ 𝟏𝟕𝐭𝐡𝐞𝐨𝐫𝐲 േ 𝟗𝐏𝐃𝐅 MeV

LHCP 2022

[JHEP 01 (2022) 036]

[LHCB-FIGURE-2022-003]

Results of LFU in 𝐵ା → 𝐾ା𝑙𝑙
භCombined ML fit to invariant mass

භLFU violation at 3.1𝜎
භComparison between RK measurements

Nat. Phys. 18, 277 282 (2022) 9fb-1
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Before we begin: 

The chances of any of these turning out to be true is not high.

Some of them, such as W mass, will take a while to sort out.

These “anomalies” do motivate us to think about special kind of 
new physics, motivate new focus in searches.

Of course, there is always a chance for a discovery! 

In this case, direct searches at the LHC will be a crucial step.



IF:
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Next for LHC: confirm, or figure out the reason for difference

Here, I will focus on the new physics which could be 
responsible for this. Cover a couple of representative 
examples.



Scale of new physics

1
Λ2 |H†DμH |2

For 10-3 correction to the W mass

Λ ≃ 6 TeV

For example, custodial breaking operator

Also need a corresponding (and similar) contribution to 
1

Λ2 (H†τaH)Wa
μνBμν



Probing the new physics

1
Λ2 |H†DμH |2 1

Λ2 (H†τaH)Wa
μνBμν Λ ≃ 6 TeV

Modification to SM tree level Higgs coupling (e.g. HZZ), at 10-3 , too small for even 
the Higgs factories.

SM 1-loop couplings  (e.g. ): h → gg, h → γγ ∼ 1
(4πv)2 H†HF2 ∼ 1

(a few TeV)2 H†HF2

The correction to these can be as large as 10(s)% (for ) 
 and  a few percent for  

h → gg
h → γγ



Probing the new physics

1
Λ2 |H†DμH |2 1

Λ2 (H†τaH)Wa
μνBμν Λ ≃ 6 TeV

SM 1-loop couplings  (e.g. ): h → gg, h → γγ ∼ 1
(4πv)2 H†HF2 ∼ 1

(a few TeV)2 H†HF2

The correction to these can be as large as 10(s)% (for ) 
 and  a few percent for  

h → gg
h → γγ

Modification to SM tree level Higgs coupling (e.g. HZZ), at 10-3 , too small for 
Higgs factories.

HL-LHC can be sensitive. 
Current limit on  rule out quite a few models already. Such as SUSY stop. h → gg



Probing the new physics

If NP contribution to W mass at tree level,  MNP ∽ TeVs

Maybe borderline   for LHC direct production. 

1
Λ2 |H†DμH |2 1

Λ2 (H†τaH)Wa
μνBμν Λ ≃ 6 TeV

Example: Z’, … 

Modification to Z coupling, 10-3, Tera Z will confirm.

If NP contribution to W mass at 1-loop level,  MNP ∽ a few hundred GeV

Ruled out already?



Has 100(s) GeV NP been ruled out?

Example: triplet
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FIG. 1. 1-loop corrected W boson mass as a function of the coupling |�5| = 4|m2
H+ �m2

H++ |/v2. We assume the mass hierarchy

of the new states following mH++ < mH+ < mA (mH++ > mH+ > mA) in the left (right) panel. Di↵erent curves in each panel

represent di↵erent masses for the lightest state. The brown (dark purple) line represent the CDF II measured (PDG) value

and the yellow (purple)/gray band shows 1�/2� range.
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where A0(m2) is the Passarino-Veltman one-point func-
tion.

The SM contributions to �r parameter (and sin ✓e↵)
can be separated into three classes: those from
scalar, fermion, and gauge bosons, i.e., ⇧1PI, SM

i
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i

(p2)S+⇧1PI, SM
i

(p2)F +⇧1PI, SM
i

(p2)V where i =
WW,ZZ, ��, Z�[11]. The scalar boson 1PI terms are
given by
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The fermion 1PI terms are given by
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Mass about 100s GeV. Two possible hierarchies within triplet. 

H+

W∓

H++,0

Mass splitting among multiplet: 50 GeV

Dominant decay within triplet: 

Lightest member: either stable (DM, MET), or 
W∓

W∓

H±±



pp → H±H∓∓Main production mode: 
W

W

W

W

W

H±±

H±±

H∓

W

W

W

H±±

H∓

H0

H0

Has 100(s) GeV NP been ruled out?

Example: triplet

W-rich final state



pp → H±H∓∓Main production mode: 
W
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Figure 1: Feynman diagram of the pair production process pp ! H++H��. The analysis studies only the
electron and muon channels, where at least one of the lepton pairs is e±e±, e±µ±, or µ±µ±.

Additional motivation to study cases with B(H±± ! `±`±) < 100% is given by type-II see-saw models
with specific neutrino mass hypotheses resulting in a fixed branching ratio combination [13, 25, 26]
which does not necessarily correspond to B(H±± ! `±`±) = 100%.

The ATLAS Collaboration previously analysed data corresponding to 20.3 fb=1 of integrated lumin-
osity which were recorded in 2012 at a centre-of-mass energy of 8 TeV [27]. This study resulted
in the most stringent lower limits on the mass of a potential H±±L particle. Depending on the fla-
vour of the final-state leptons, the observed limits vary between 465 GeV and 550 GeV assuming
B(H±±L ! `±`±) = 100%. The analysis presented in this paper extends the one described in Ref. [27]
and is based on 36.1 fb=1 of integrated luminosity collected in 2015 and 2016 at a centre-of-mass
energy of 13 TeV. A similar search has also been performed by the CMS Collaboration [28].

2 ATLAS detector

The ATLAS detector [29] at the LHC is a multi-purpose particle detector with a forward-backward
symmetric cylindrical geometry and an almost 4⇡ coverage in solid angle.1 It consists of an inner
tracking detector (ID) surrounded by a thin superconducting solenoid providing a 2 T axial magnetic
field, electromagnetic (EM) and hadronic calorimeters, and a muon spectrometer. The inner tracking
detector covers the pseudorapidity range |⌘| < 2.5. It is composed of silicon pixel, silicon micro-
strip, and transition radiation tracking detectors. A new innermost layer of pixel detectors [30] was
installed prior to the start of data taking in 2015. Lead/liquid-argon (LAr) sampling calorimeters
provide electromagnetic energy measurements with high granularity. A hadronic (steel/scintillator-
tile) calorimeter covers the central pseudorapidity range (|⌘| < 1.7). The end-cap and forward re-
gions are instrumented with LAr calorimeters for both EM and hadronic energy measurements up to
|⌘| = 4.9. The muon spectrometer surrounds the calorimeters and features three large air-core toroidal
superconducting magnets with eight coils each. The field integral of the toroids ranges between 2.0 to

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the
detector and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis
points upwards. Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the
z-axis. The pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). Angular distance is measured in
units of �R ⌘

p
(�⌘)2 + (��)2. Rapidity is defined as y ⌘ 0.5 ln [(E + pz)/(E � pz)] where E denotes the energy and pz

is the momentum component along the beam direction.
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Figure 10: Upper limit on the cross-section for pp! H++H�� for several branching ratio values presented in the
form B(ee)/B(eµ)/B(µµ): (a) 100%/0%/0%, (b) 0%/0%/100%, (c) 0%/100%/0%, and (d) 30%/40%/30%.
The theoretical uncertainty in the cross-section for pp ! H++H�� is presented with the shaded band around
the central value.
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Figure 11: The (a) expected and (b) observed lower limits on the H±±L boson mass for all branching ratio
combinations that sum to 100%.
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Figure 1: Feynman diagrams illustrating production and subsequent decay of the �
±± and �

± bosons: (a) �±± pair
production and (b) �±± and �

± associated production.

2 Signal model

A type-II seesaw model, in which the scalar sector of the SM is extended with a hypercharge . = 2 scalar
triplet � [24–29], is studied. The electroweak symmetry breaking (EWSB) is achieved by requiring the
neutral components of the SM scalar doublet � and scalar triplet � to acquire vacuum expectation values,
Ed and Et respectively. After the EWSB, the mixing between these fields results in seven scalar bosons:
�

±±, �±, �0 (CP odd), �0 (CP even) and ⌘
0 (CP even). The ⌘

0 boson is the SM Higgs boson, and a small
mixing between the CP-even scalars is naturally obtained in the model. In addition, the triplet–neutrino
Yukawa term provides non-zero neutrino masses proportional to the vacuum expectation value of the triplet
Et. In this type-II seesaw model, constraints from electroweak precision measurements lead to an upper
bound on Et of approximately 2.5 GeV, which is significantly lower than the electroweak scale and matches
the need for small values suggested by the natural association of Et with the neutrino masses. Additional,
theoretical constraints are the absence of tachyonic modes, requirements for the vacuum structure and
stability of the potential, and unitarity requirements. A detailed discussion can be found in Ref. [29].
The theoretical and experimental constraints help to choose allowed values for the parameters of the
model from which the predominant production and decay modes follow. Some type-II seesaw models also
extend the weak sector by introducing two scalar triplets and right-handed gauge bosons ,R (left–right
symmetric models). The model studied in this analysis corresponds to the left-handed triplet discussed in
Refs. [30–34].

Two scenarios with Et equal to 100 MeV are explored in this paper. In the first scenario, the mass
di�erence between �

±± and �
± bosons is > 100 GeV, the �

± boson being the heavier one. Large
mass splitting could still be allowed despite the |<�

± � <�
±± | < 40 GeV constraint deduced from the

electroweak precision data [35] if radiative corrections reduce the tree-level contribution coming from
the triplet vacuum expectation value. Only the pair production of �±± bosons via the diagram shown in
Figure 1(a) (?? ! W

⇤//⇤ ! �
±±

�
⌥⌥) is considered. The triplet vacuum expectation value is taken to be

Et = 100 MeV such that only the doubly charged �
±± boson decay into a pair of , bosons with the same

charge, �±± ! ,
±
,

±, is possible [28]. The leptonic decays �±± ! ✓
±
✓
± are suppressed with increasing

Et [36, 37] and not considered in this paper.

In the second scenario, the mass of the �
± boson is chosen to be at most 5 GeV di�erent from the �

±±

boson mass. The low mass di�erence ensures that the charged Higgs bosons do not decay into each
other with a non-negligible branching fraction, and complies with the additional |<�

± � <�
±± | < 40 GeV
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Figure 8: The ⇢
miss
T distribution for the SRs of the <�

±± = 300 GeV signal mass hypothesis, where the selection
requirement on ⇢

miss
T has been removed. The distribution is shown for the combination of the individual channels of

the (a) 2✓sc, (b) 3✓ and (c) 4✓ SRs. The total uncertainties in the expected event yields are shown as hashed bands.
The last bin, isolated by a vertical red dashed line, is inclusive and corresponds to the SR. The expected signal
distributions corresponding to the <�

±± = 300 GeV are also shown (stack histogram, on top of the background). In
each figure the bottom panel shows the ratio of data to the estimated background. The hatched band around unity
represents the total uncertainty of the background.
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Figure 9: Observed and expected upper limits on the (a) �
±± pair production and (b) �

±± and �
± associated

production cross section times branching fraction at 95% CL obtained from the combination of 2✓sc, 3✓ and 4✓
channels. The region above the observed limit is excluded by the measurement. The bands represent the expected
exclusion curves within one and two standard deviations. The theoretical prediction [29] including the NLO QCD
corrections [52] is also shown.

4✓ SRs. Assuming a linear dependence of the cross-section limit between neighbouring mass points, the
observed 95% CL lower limit on the mass of the �

±± boson is 350 GeV for the pair production mode and
230 GeV for the associated production mode. To confirm the validity of the linear extrapolations close to
the exclusion threshold, upper limits on the �

±± pair production cross section times branching fraction
are also computed for the complementary mass hypothesis of 350 GeV, as shown in Figure 9(a), and are
found to match the extrapolated values well. A similar test was also done for the �

±± and �
± associated

production mode, and the upper limits on the cross section times branching fraction are computed for the
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Some available searches

New opportunities to make a discovery!

W-rich final state



Different categories of NP

If NP contribution to W mass at tree level,  MNP ∽ TeVs

Maybe borderline   for LHC direct production. 

1
Λ2 |H†DμH |2 1

Λ2 (H†τaH)Wa
μνBμν Λ ≃ 6 TeV

Example: Z’, … 

Modification to Z coupling, 10-3, Tera Z will confirm.

If NP contribution to W mass at 1-loop level,  MNP ∽ a few hundred GeV

If NP contribution to W mass at 1-loop level, but to other observables at tree level?



Example: beautiful mirror model
D. Choudhury, T. Tait, C. Wagner, hep-ph/0109097

Introducing fermonic partners of bottom quark.

Contributes to the W mass at 1-loop

Corrects the Zbb coupling at tree level (∃ LEP anomaly)



Gives a good fit (W mass + Z-pole)
S. Chai, J. Gu, LTW. To appear



New particle

Figure 2: Left: 68% and 95% CL preferred regions in the M1 ≠ M2 plane from the EW
fit with the new CDF mW , with ”gLb and ”gRb fixed to the best fitted values (”gLb =
0.0037, ”gRb = 0.021). Right: Preferred regions of parameter space in the M1 ≠yR plane,
with M2 fixed at 4 TeV and yL marginalized. The blue areas are the 68% and 95% CL
regions from the EW global fit (with the new CDF mW ), while the cyan (blue) dashed
lines correspond to 68% CL bounds from the ”gRb (T -parameter) constraint alone.

plane from the “SM+S, T, ”gLb, ”gRb” fit. This is our main result, which has important
implications. First, it is clear that yR and M1 can be separately constrained due to the
interplay between ”gRb and T . To illustrate this, we also show the 68% CL bounds from
the ”gRb alone (cyan dashed lines) and T alone (blue dashed lines), which clearly constrain
di�erent combinations of yR and M1. As an result, the global fit puts an upper bound
on M1, with M1 . 4 TeV within a 95% CL. Crucially, this bound is consistent with the
current LHC limits but could be relevant for future LHC probes, as we will discuss in the
next section. The corresponding yR is also of order one, which ensures the perturbativity
of the model.

4 LHC probes

With the BM model being a potential explanation of both the A
0,b
FB and the mW dis-

crepancies, it is crucial to look for additional signals at the LHC that could confirm (or
rule out) this possibility. The signals could come from either the direct searches of heavy
exotic quarks or the precision Higgs measurements. They are discussed separately in this
section.
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o�ers an intriguing possibility that the two measurement discrepancies could come from
the same physics origin.

In this study, we further investigate the possibility that the BM Model give rises to
the measured discrepancies (from SM) for both A

0,b
FB at LEP and mW at CDF II. By per-

forming a global fit of electroweak precision measurements, we find the preferred region of
the parameter space. As shown later, it indeed provides a good fit to both measurements,
significantly reducing the tension by only introducing a few model parameters in addi-
tion to the SM ones. We also study other phenomenological implications of this model,
including the direct searches for exotic quarks and the precision Higgs measurements
at the LHC. Roughly speaking, the parameter space preferred by the A

0,b
FB and CDF-II

mW measurements is consistent with current LHC measurements but can be thoroughly
probed by future LHC runs, especially the HL-LHC. Therefore, the possibility that both
the A

0,b
FB and CDF-II mW discrepancies are explained by the BM model can be confirmed

or falsified in the near future.
The rest of this paper is organized as follows: In Section 2 we review the BM model

and work out its modifications to the relevant observables. In Section 3, we perform
an electroweak global fit to find the preferred region in the model parameter space. In
Section 4, we summarize the current status of the relevant direct search bounds and
Higgs coupling measurements as well as their future projections at the HL-LHC. The
preferred regions of the model parameter space from various measurements are presented
in Section 5. Finally, we conclude in Section 6.

2 The Beautiful Mirror model
The BM model was proposed in Ref [125] as a new-physics explanation of the A

0,b
FB mea-

surement at LEP [124], which deviates significantly (≥ 2.5‡) from the SM prediction. New
vector-like exotic quarks are introduced, which mix with the bottom quark and modifies
the Zbb̄ couplings. Defining ”gLb and ”gRb as

L = ≠
g

cW
Zµ

5
b̄L“

µ(≠1
2 + 1

3s
2
W + ”gLb)bL + b̄R“

µ(1
3s

2
W + ”gRb)bR

6
+ . . . , (2.1)

where sW © sin ◊W , cW © cos ◊W and ◊W is the weak mixing angle, positive values are
preferred for both ”gLb and ”gRb, as shown later in Section 3. This can be achieved by
introducing two vector-like quarks,

�L,R =
A

B

X

B

≥ (3, 2)≠5/6 ,

B̂L,R ≥ (3, 1)≠1/3 , (2.2)

where the numbers in the bracket denote representations under SU(3)c and SU(2)W ,
respectively, and the subscript denotes U(1)Y hypercharge. The mass and relevant inter-
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3

Figure 4: Combined results in M1 ≠yR plane from the current EW global fit with the new
CDF mW measurement (preferred regions shown by the blue area, from Fig. 2), current
LHC direct search bounds (excluded region shown by the red area, from Fig. 3), and
current LHC Higgs coupling measurements (preferred regions shown by the green areas,
from Fig. 3). The red dotted lines are projected direct-search reaches of the HL-LHC. The
area right to the cyan dotted lines are the preferred regions from the Higgs measurements
at HL-LHC, assuming they are SM-like.

exotic quark (with charge ≠4/3) is required to be below 4 TeV at the 95% confidence
level, and the best-fit point corresponds to a mass of around 1.5 TeV. While the model
is consistent with the current direct-search limits at the LHC, the future LHC runs, es-
pecially the HL-LHC, will be able to cover most of the regions of the parameter space
preferred by the electroweak fit. The contributions to the Higgs couplings in this model
are also relevant, especially for the hgg, hbb̄ and h““ couplings. Once again, the preferred
region is consistent with the current LHC measurements, but would be in tension with
the projected precisions of the Higgs measurement at the HL-LHC, if they turn out to be
SM-like. In summary, the possibility that both the A

0,b
FB and the CDF-II mW discrepancies

are explained by the Beautiful Mirror model will very likely be either confirmed or ruled
out after the HL-LHC runs.
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With direct searches and Higgs coupling 
measurements at the LHC 



W mass inspired new physics summary

Likely to show up as deviations in the Higgs coupling measurements

100s GeV - TeV new physics should be within the reach of the direct

Search at the LHC. 


W rich final states, VLQ-like particles.



IF:

Lattice calculation seems to indicate otherwise (not settled yet).



For example: g-2 and smuon gap

• One superpartner, either a chargino, neutralino, or
a slepton, has to be lighter than about 350 GeV (for
the theoretically motivated value of tanβ = 35; see
Figure 1 for a more precise number).

• The heavier one of the lightest chargino or sneu-
trino has to be lighter than about 600 GeV, so
models with heavier sleptons are disfavored.

• tanβ has to be larger than about 8 (in corners of
parameter space with ultralight neutralinos, tanβ
can be lower). This large tanβ is sufficient to ob-
tain a Higgs boson mass of about 115 GeV, and also
implies a number of interesting phenomenological
consequences (e.g. [24]).

The gµ− 2 measurement is the first data to establish a
firm upper limit on any superpartner masses. Over most
of the allowed masses, the superpartners will be produced
at Fermilab in the upcoming run.

100 200 300 400 500 600
Mχ1 

 (GeV)

100

200

300

400

500

600

M
sl

ep
to

n (
G

eV
)

tanβ=50
tanβ=35
tanβ=20
tanβ=10

FIG. 1. In this figure mχ1 denotes the lightest chargino or neu-

tralino, and mslepton the lightest smuon or muon sneutrino. The

regions above a given tan β line are excluded. We require agreement

with experiment within 1σ (see text). Below tan β ≈ 8 no allowed

region remains. tan β, the ratio of the two Higgs vacuum expec-

tation values, is defined in the text; approximate Yukawa coupling

unification suggests tan β ∼ 35. Thus the figure implies related up-

per limits on the lightest chargino/neutralino and slepton masses.
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My first reaction to the g-2 news last year: 

Can’t be SUSY, such light smuon must be ruled out by LHC already



For example: g-2 and smuon gap

• One superpartner, either a chargino, neutralino, or
a slepton, has to be lighter than about 350 GeV (for
the theoretically motivated value of tanβ = 35; see
Figure 1 for a more precise number).

• The heavier one of the lightest chargino or sneu-
trino has to be lighter than about 600 GeV, so
models with heavier sleptons are disfavored.

• tanβ has to be larger than about 8 (in corners of
parameter space with ultralight neutralinos, tanβ
can be lower). This large tanβ is sufficient to ob-
tain a Higgs boson mass of about 115 GeV, and also
implies a number of interesting phenomenological
consequences (e.g. [24]).

The gµ− 2 measurement is the first data to establish a
firm upper limit on any superpartner masses. Over most
of the allowed masses, the superpartners will be produced
at Fermilab in the upcoming run.
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with experiment within 1σ (see text). Below tan β ≈ 8 no allowed

region remains. tan β, the ratio of the two Higgs vacuum expec-

tation values, is defined in the text; approximate Yukawa coupling

unification suggests tan β ∼ 35. Thus the figure implies related up-

per limits on the lightest chargino/neutralino and slepton masses.
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Maybe a discovery at the LHC is waiting here?



The ALP explanation (2-loop)
J. Liu, X. Ma, X.-P. Wang, LTW 2210.09335 

g-2 preferred 
parameter region:



Rare Z decay

c.f. 1011  Zs at the LHC, great potential.



Signal from Z-> a &

ATLAS 8 TeV data, 

1509.05151 BR<2.2x10-6 OPAL (1991), BR<5.6x10-4, 



4 fermion final state

CMS. tt'', 1911.04968 Babar. 1606.03501

CMS. 1808.03684



4 fermion final state

CMS. tt'', 1911.04968 Babar. 1606.03501

CMS. 1808.03684

&& fusion

ATLAS. 2008.05355.  CMS. 1810.04602, 2110.05916, 1209.1666



Searches

Current limits still leave room for new physics. 

More dedicated searches at LHC can cover more ground.



IF:
Maybe clarified very soon. (Upcoming LHCb announcement)

Results of LFU in 𝐵ା → 𝐾ା𝑙𝑙
භCombined ML fit to invariant mass

භLFU violation at 3.1𝜎
භComparison between RK measurements

Nat. Phys. 18, 277 282 (2022) 9fb-1
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Lepton universality in B decay

https://indico.cern.ch/event/1187945/


Leptoquark back in the spotlight

Is there an excess?

Not there in ATLAS data (yet)



Things to keep an on

“dE/dx”

A bit early to think about models. But, could become very interesting soon. 



Conclusions

- We expect more excitement in the upcoming runs 
of the LHC.


- Bread and butter: precision, exotic decays


- At the same time, “anomalies” can also point us 
to interesting directions.


