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An Era of Anomalies

• A growing list of “anomalies”. 

• Could be due to 
• statistical fluctuations (e.g. 750 GeV diphoton)
• systematics or background uncertainties (e.g. KOTO)
• experimental error (e.g. OPERA)
• unknown issues (e.g. DAMA?), or 
• genuine new physics signal?

• A good driver of scientific creativity (not just 
‘ambulance-chasing’).   
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(Partial) List of Existing Anomalies
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Anomaly Significance Reference

Multileptons@LHC 2-5 𝜎 1901.05300

Dijet excess@LEP2 4-5 𝜎 1706.02255 

Muon g-2 4.2 𝜎 2104.03281

LFUV in B-decays 3-5 𝜎 1909.12524

CKM unitarity 4 𝜎 2012.01580

LFUV in tau decay ~2 𝜎 1909.12524 

LSND/MiniBooNE 6.1 𝜎 2006.16883

NOvA vs T2K ~2 𝜎 Neutrino 2020

IceCube HESE vs TG ~2 𝜎 2011.03545

ANITA upgoing events ~2 𝜎 2010.02869

Neutron lifetime 3.6 𝜎 2011.13272

8Be transition 7.2 𝜎 1910.10459

Proton charge radius 5 𝜎 2105.00571

Anomaly Significance Reference

DAMA/LIBRA 12.9 𝜎 1907.06405

XENON1T e--recoil 2-3 𝜎 2006.09721

Fermi-LAT GC excess 2-3 𝜎 1704.03910

AMS e+/ ҧ𝑝 excess 3-5 𝜎 Phys.Rep.894, 1

3.5 keV X-ray line 4 𝜎 2008.02283

511 keV gamma-ray line 58 𝜎 1512.00325

EDGES 21cm spectrum 3.8 𝜎 1810.05912

Primordial 7Li problem 4-5 𝜎 1203.3551

Hubble tension 4.4 𝜎 2008.11284

𝜎8 tension 3 𝜎 2005.03751

CMB anomalies 2-3 𝜎 1510.07929

NANOGRAV >> 5 𝜎 2009.04496

Fast Radio Bursts >> 5 𝜎 1906.05878

Repository: https://github.com/hepcomm/hepmist

https://github.com/hepcomm/hepmist


(Partial) List of Existing Anomalies
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Anomaly Significance Reference

Multileptons@LHC 2-5 𝝈 1901.05300

Dijet excess@LEP2 4-5 𝜎 1706.02255 

Muon g-2 4.2 𝜎 2104.03281

LFUV in B-decays 3-5 𝜎 1909.12524

CKM unitarity 4 𝜎 2012.01580

LFUV in tau decay ~2 𝜎 1909.12524 

LSND/MiniBooNE 6.1 𝜎 2006.16883

NOvA vs T2K ~2 𝜎 Neutrino 2020

IceCube HESE vs TG ~2 𝜎 2011.03545

ANITA upgoing events ~2 𝜎 2010.02869

Neutron lifetime 3.6 𝜎 2011.13272

8Be transition 7.2 𝜎 1910.10459

Proton charge radius 5 𝜎 2105.00571

Anomaly Significance Reference

DAMA/LIBRA 12.9 𝜎 1907.06405

XENON1T e--recoil 2-3 𝜎 2006.09721

Fermi-LAT GC excess 2-3 𝜎 1704.03910

AMS e+/ ҧ𝑝 excess 3-5 𝜎 Phys.Rep.894, 1

3.5 keV X-ray line 4 𝜎 2008.02283

511 keV gamma-ray line 58 𝜎 1512.00325

EDGES 21cm spectrum 3.8 𝜎 1810.05912

Primordial 7Li problem 4-5 𝜎 1203.3551

Hubble tension 4.4 𝜎 2008.11284

𝜎8 tension 3 𝜎 2005.03751

CMB anomalies 2-3 𝜎 1510.07929

NANOGRAV >> 5 𝜎 2009.04496

Fast Radio Bursts >> 5 𝜎 1906.05878

Repository: https://github.com/hepcomm/hepmist

See BSM V parallel talk by Bruce Mellado

https://github.com/hepcomm/hepmist


(Partial) List of Existing Anomalies
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Anomaly Significance Reference

Multileptons@LHC 2-5 𝜎 1901.05300

Dijet excess@LEP2 4-5 𝜎 1706.02255 

Muon g-2 4.2 𝝈 2104.03281

LFUV in B-decays 3-5 𝜎 1909.12524

CKM unitarity 4 𝜎 2012.01580

LFUV in tau decay ~2 𝜎 1909.12524 

LSND/MiniBooNE 6.1 𝜎 2006.16883

NOvA vs T2K ~2 𝜎 Neutrino 2020

IceCube HESE vs TG ~2 𝜎 2011.03545

ANITA upgoing events ~2 𝜎 2010.02869

Neutron lifetime 3.6 𝜎 2011.13272

8Be transition 7.2 𝜎 1910.10459

Proton charge radius 5 𝜎 2105.00571

Anomaly Significance Reference

DAMA/LIBRA 12.9 𝜎 1907.06405

XENON1T e--recoil 2-3 𝜎 2006.09721

Fermi-LAT GC excess 2-3 𝜎 1704.03910

AMS e+/ ҧ𝑝 excess 3-5 𝜎 Phys.Rep.894, 1

3.5 keV X-ray line 4 𝜎 2008.02283

511 keV gamma-ray line 58 𝜎 1512.00325

EDGES 21cm spectrum 3.8 𝜎 1810.05912

Primordial 7Li problem 4-5 𝜎 1203.3551

Hubble tension 4.4 𝜎 2008.11284

𝜎8 tension 3 𝜎 2005.03751

CMB anomalies 2-3 𝜎 1510.07929

NANOGRAV >> 5 𝜎 2009.04496

Fast Radio Bursts >> 5 𝜎 1906.05878

Repository: https://github.com/hepcomm/hepmist

See also plenary talk by James Mott, mini-review by Hartmut 
Wittig and parallel talks by Bigaran, Darme, Ghosh, Jana, Melo, 
Sun, Thapa, Xu

https://github.com/hepcomm/hepmist


(Partial) List of Existing Anomalies
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Anomaly Significance Reference

Multileptons@LHC 2-5 𝜎 1901.05300

Dijet excess@LEP2 4-5 𝜎 1706.02255 

Muon g-2 4.2 𝜎 2104.03281

LFUV in B-decays 3-5 𝝈 1909.12524

CKM unitarity 4 𝜎 2012.01580

LFUV in tau decay ~2 𝜎 1909.12524 

LSND/MiniBooNE 6.1 𝜎 2006.16883

NOvA vs T2K ~2 𝜎 Neutrino 2020

IceCube HESE vs TG ~2 𝜎 2011.03545

ANITA upgoing events ~2 𝜎 2010.02869

Neutron lifetime 3.6 𝜎 2011.13272

8Be transition 7.2 𝜎 1910.10459

Proton charge radius 5 𝜎 2105.00571

Anomaly Significance Reference

DAMA/LIBRA 12.9 𝜎 1907.06405

XENON1T e--recoil 2-3 𝜎 2006.09721

Fermi-LAT GC excess 2-3 𝜎 1704.03910

AMS e+/ ҧ𝑝 excess 3-5 𝜎 Phys.Rep.894, 1

3.5 keV X-ray line 4 𝜎 2008.02283

511 keV gamma-ray line 58 𝜎 1512.00325

EDGES 21cm spectrum 3.8 𝜎 1810.05912

Primordial 7Li problem 4-5 𝜎 1203.3551

Hubble tension 4.4 𝜎 2008.11284

𝜎8 tension 3 𝜎 2005.03751

CMB anomalies 2-3 𝜎 1510.07929

NANOGRAV >> 5 𝜎 2009.04496

Fast Radio Bursts >> 5 𝜎 1906.05878

Repository: https://github.com/hepcomm/hepmist

See also plenary talk by Christoph Schwanda and parallel talks by 
Darme, Ghosh, Kumbhakar, Li, Loladze, Mitra, Thapa, Xu 

https://github.com/hepcomm/hepmist


(Partial) List of Existing Anomalies

7

Anomaly Significance Reference

Multileptons@LHC 2-5 𝜎 1901.05300

Dijet excess@LEP2 4-5 𝜎 1706.02255 

Muon g-2 4.2 𝜎 2104.03281

LFUV in B-decays 3-5 𝜎 1909.12524

CKM unitarity 4 𝜎 2012.01580

LFUV in tau decay ~2 𝜎 1909.12524 

LSND/MiniBooNE 6.1 𝝈 2006.16883

NOvA vs T2K ~2 𝜎 Neutrino 2020

IceCube HESE vs TG ~2 𝜎 2011.03545

ANITA upgoing events ~2 𝜎 2010.02869

Neutron lifetime 3.6 𝜎 2011.13272

8Be transition 7.2 𝜎 1910.10459

Proton charge radius 5 𝜎 2105.00571

Anomaly Significance Reference

DAMA/LIBRA 12.9 𝜎 1907.06405

XENON1T e--recoil 2-3 𝜎 2006.09721

Fermi-LAT GC excess 2-3 𝜎 1704.03910

AMS e+/ ҧ𝑝 excess 3-5 𝜎 Phys.Rep.894, 1

3.5 keV X-ray line 4 𝜎 2008.02283

511 keV gamma-ray line 58 𝜎 1512.00325

EDGES 21cm spectrum 3.8 𝜎 1810.05912

Primordial 7Li problem 4-5 𝜎 1203.3551

Hubble tension 4.4 𝜎 2008.11284

𝜎8 tension 3 𝜎 2005.03751

CMB anomalies 2-3 𝜎 1510.07929

NANOGRAV >> 5 𝜎 2009.04496

Fast Radio Bursts >> 5 𝜎 1906.05878

Repository: https://github.com/hepcomm/hepmist

See Neutrino III parallel talk by Nicholas Kamp

https://github.com/hepcomm/hepmist


(Partial) List of Existing Anomalies
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Anomaly Significance Reference

Multileptons@LHC 2-5 𝜎 1901.05300

Dijet excess@LEP2 4-5 𝜎 1706.02255 

Muon g-2 4.2 𝜎 2104.03281

LFUV in B-decays 3-5 𝜎 1909.12524

CKM unitarity 4 𝜎 2012.01580

LFUV in tau decay ~2 𝜎 1909.12524 

LSND/MiniBooNE 6.1 𝜎 2006.16883

NOvA vs T2K ~2 𝜎 Neutrino 2020

IceCube HESE vs TG ~2 𝜎 2011.03545

ANITA upgoing events ~2 𝜎 2010.02869

Neutron lifetime 3.6 𝜎 2011.13272

8Be transition 7.2 𝜎 1910.10459

Proton charge radius 5 𝜎 2105.00571

Anomaly Significance Reference

DAMA/LIBRA 12.9 𝜎 1907.06405

XENON1T e--recoil 2-3 𝝈 2006.09721

Fermi-LAT GC excess 2-3 𝜎 1704.03910

AMS e+/ ҧ𝑝 excess 3-5 𝜎 Phys.Rep.894, 1

3.5 keV X-ray line 4 𝜎 2008.02283

511 keV gamma-ray line 58 𝜎 1512.00325

EDGES 21cm spectrum 3.8 𝜎 1810.05912

Primordial 7Li problem 4-5 𝜎 1203.3551

Hubble tension 4.4 𝜎 2008.11284

𝜎8 tension 3 𝜎 2005.03751

CMB anomalies 2-3 𝜎 1510.07929

NANOGRAV >> 5 𝜎 2009.04496

Fast Radio Bursts >> 5 𝜎 1906.05878

Repository: https://github.com/hepcomm/hepmist

See plenary talk by Knut Mora and DM V parallel talks by 
Dutta and Mahapatra

https://github.com/hepcomm/hepmist


(Partial) List of Existing Anomalies
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Anomaly Significance Reference

Multileptons@LHC 2-5 𝜎 1901.05300

Dijet excess@LEP2 4-5 𝜎 1706.02255 

Muon g-2 4.2 𝜎 2104.03281

LFUV in B-decays 3-5 𝜎 1909.12524

CKM unitarity 4 𝜎 2012.01580

LFUV in tau decay ~2 𝜎 1909.12524 

LSND/MiniBooNE 6.1 𝜎 2006.16883

NOvA vs T2K ~2 𝜎 Neutrino 2020

IceCube HESE vs TG ~2 𝜎 2011.03545

ANITA upgoing events ~2 𝜎 2010.02869

Neutron lifetime 3.6 𝜎 2011.13272

8Be transition 7.2 𝜎 1910.10459

Proton charge radius 5 𝜎 2105.00571

Anomaly Significance Reference

DAMA/LIBRA 12.9 𝜎 1907.06405

XENON1T e--recoil 2-3 𝜎 2006.09721

Fermi-LAT GC excess 2-3 𝜎 1704.03910

AMS e+/ ҧ𝑝 excess 3-5 𝜎 Phys.Rep.894, 1

3.5 keV X-ray line 4 𝜎 2008.02283

511 keV gamma-ray line 58 𝝈 1512.00325

EDGES 21cm spectrum 3.8 𝜎 1810.05912

Primordial 7Li problem 4-5 𝜎 1203.3551

Hubble tension 4.4 𝜎 2008.11284

𝜎8 tension 3 𝜎 2005.03751

CMB anomalies 2-3 𝜎 1510.07929

NANOGRAV >> 5 𝜎 2009.04496

Fast Radio Bursts >> 5 𝜎 1906.05878

Repository: https://github.com/hepcomm/hepmist

See DM VIII parallel talk by Celeste Keith

https://github.com/hepcomm/hepmist


(Partial) List of Existing Anomalies
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Anomaly Significance Reference

Multileptons@LHC 2-5 𝜎 1901.05300

Dijet excess@LEP2 4-5 𝜎 1706.02255 

Muon g-2 4.2 𝜎 2104.03281

LFUV in B-decays 3-5 𝜎 1909.12524

CKM unitarity 4 𝜎 2012.01580

LFUV in tau decay ~2 𝜎 1909.12524 

LSND/MiniBooNE 6.1 𝜎 2006.16883

NOvA vs T2K ~2 𝜎 Neutrino 2020

IceCube HESE vs TG ~2 𝜎 2011.03545

ANITA upgoing events ~2 𝜎 2010.02869

Neutron lifetime 3.6 𝜎 2011.13272

8Be transition 7.2 𝜎 1910.10459

Proton charge radius 5 𝜎 2105.00571

Anomaly Significance Reference

DAMA/LIBRA 12.9 𝜎 1907.06405

XENON1T e--recoil 2-3 𝜎 2006.09721

Fermi-LAT GC excess 2-3 𝜎 1704.03910

AMS e+/ ҧ𝑝 excess 3-5 𝜎 Phys.Rep.894, 1

3.5 keV X-ray line 4 𝜎 2008.02283

511 keV gamma-ray line 58 𝜎 1512.00325

EDGES 21cm spectrum 3.8 𝜎 1810.05912

Primordial 7Li problem 4-5 𝜎 1203.3551

Hubble tension 4.4 𝝈 2008.11284

𝝈8 tension 3 𝝈 2005.03751

CMB anomalies 2-3 𝜎 1510.07929

NANOGRAV >> 5 𝜎 2009.04496

Fast Radio Bursts >> 5 𝜎 1906.05878

Repository: https://github.com/hepcomm/hepmist

See plenary talk by Elizabeth Krause and Cosmology II parallel 
talks by Roy Choudhury and Toda

https://github.com/hepcomm/hepmist


(Partial) List of Existing Anomalies
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Anomaly Significance Reference

Multileptons@LHC 2-5 𝜎 1901.05300

Dijet excess@LEP2 4-5 𝜎 1706.02255 

Muon g-2 4.2 𝜎 2104.03281

LFUV in B-decays 3-5 𝜎 1909.12524

CKM unitarity 4 𝜎 2012.01580

LFUV in tau decay ~2 𝜎 1909.12524 

LSND/MiniBooNE 6.1 𝜎 2006.16883

NOvA vs T2K ~2 𝜎 Neutrino 2020

IceCube HESE vs TG ~2 𝜎 2011.03545

ANITA upgoing events ~2 𝜎 2010.02869

Neutron lifetime 3.6 𝜎 2011.13272

8Be transition 7.2 𝜎 1910.10459

Proton charge radius 5 𝜎 2105.00571

Anomaly Significance Reference

DAMA/LIBRA 12.9 𝜎 1907.06405

XENON1T e--recoil 2-3 𝜎 2006.09721

Fermi-LAT GC excess 2-3 𝜎 1704.03910

AMS e+/ ҧ𝑝 excess 3-5 𝜎 Phys.Rep.894, 1

3.5 keV X-ray line 4 𝜎 2008.02283

511 keV gamma-ray line 58 𝜎 1512.00325

EDGES 21cm spectrum 3.8 𝜎 1810.05912

Primordial 7Li problem 4-5 𝜎 1203.3551

Hubble tension 4.4 𝜎 2008.11284

𝜎8 tension 3 𝜎 2005.03751

CMB anomalies 2-3 𝜎 1510.07929

NANOGRAV >> 5 𝝈 2009.04496

Fast Radio Bursts >> 5 𝜎 1906.05878

Repository: https://github.com/hepcomm/hepmist

See plenary talk by Maura Mclaughlin 

https://github.com/hepcomm/hepmist


Outline

• B-anomalies: RD
(*) and RK

(*) 

• Common NP explanation

• Complementary high-pT LHC tests

• Muon g-2 anomaly:
• Connection to B-anomalies?

• Tests at LHC and future colliders

• Connection to neutrino mass 

12



Muon Anomalous Magnetic Moment
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2 55. M uon anomalous magnet i c moment
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Figure 55.1: Representat ive diagrams contribut ing to aSM
µ . From left to right :

first order QED (Schwinger term), lowest -order weak, lowest-order hadronic.

The QED part includes all photonic and leptonic (e, µ, τ ) loops start ing with the classic

α/ 2π Schwinger contribut ion. It has been computed through 5 loops [11]

aQED
µ =

α

2π
+ 0.765857425(17)

α

π

2
+ 24.05050996(32)

α

π

3

+ 130.8796(63)
α

π

4
+ 752.2(1.0)

α

π

5
+ · · · (55.5)

with lit t le change in the coefficients since our last update of this review. Employing

α− 1 = 137.035999046(27), obtained from the precise measurements of h/ mCs [12], the

Rydberg constant , and mCs/ me leads to [11]

aQED
µ = 116584718.92(0.03) × 10− 11 , (55.6)

where the small error results mainly from the uncertainty in α.

Loop cont ribut ions involving heavy W ± , Z or Higgs part icles are collect ively labeled

as aEW
µ . They are suppressed by at least a factor of (α/ π) · (m2

µ / m2
W ) 4 × 10− 9. At

1-loop order [13]

aEW
µ [1-loop] =

Gµm2
µ

8
√

2π2

5

3
+

1

3
1 − 4sin2θW

2
+ O

m2
µ

M 2
W

+ O
m2

µ

m2
H

= 194.8 × 10− 11 , (55.7)

for sin2θW ≡ 1 − M 2
W / M 2

Z 0.223, and where Gµ 1.166 × 10− 5 GeV− 2 is the Fermi

coupling constant . Two-loop correct ions are relat ively large and negat ive [14]. For a

Higgs boson mass of 125 GeV it amounts to aEW
µ [2-loop] = − 41.2(1.0) × 10− 11 [14],

where the uncertainty stems from quark t riangle loops. The 3-loop leading logarithms are

negligible, O(10− 12) [14,15]. A recent full 2-loop numerical evaluat ion of the elect roweak

correct ion [16] reproduces the total 1+ 2-loop cont ribut ion when adjusted for appropriate

light quark masses

aEW
µ = 153.6(1.0) × 10− 11 . (55.8)

Hadronic (quark and gluon) loop contribut ions to aSM
µ give rise to its main theoret ical

uncertaint ies. At present , those effects are not precisely calculable from first principles,

June 1, 2020 08:27

-2.4 𝜎

Recent development:

+1.6 𝜎

Parker, Yu, Zhong, Estey, Mueller, 
1812.04130 (Science)

Morel, Yao, Clade, Guellati-Khelifa, 
Nature 588, 61 (2020)

Muon g ≠ 2 Anomaly

[Fermilab talk by A. El-Khadra]

a
exp
µ = 116592061(41) ◊ 10

≠ 11
[2104.03281 (PRL

Õ
21)]

a
SM
µ = 116591810(43) ◊ 10

≠ 11
[2006.04822 (Phys.Rep.

Õ
20)]

If a change in HVP brought aSM
µ closer to a

exp
µ , problems will arise in the global EW

fit. [Crivellin, Hoferichter, Manzari, Montull, 2003.04886 (PRL ’20)]]

(Related?) Unresolved issues in the electron g ≠ 2 sector. [Parker, Yu, Zhong, Estey, Mueller,

1812.04130 (Science ’19); Morel, Yao, Clade, Guellati-Khelifa (Nature ’20)] 4

2104.03281 [PRL]

Muon g ≠ 2 Anomaly

[Fermilab talk by A. El-Khadra]

a
exp
µ = 116592061(41) ◊ 10

≠ 11
[2104.03281 (PRL

Õ
21)]

a
SM
µ = 116591810(43) ◊ 10

≠ 11
[2006.04822 (Phys.Rep.

Õ
20)]

If a change in HVP brought aSM
µ closer to a

exp
µ , problems will arise in the global EW

fit. [Crivellin, Hoferichter, Manzari, Montull, 2003.04886 (PRL ’20)]]

(Related?) Unresolved issues in the electron g ≠ 2 sector. [Parker, Yu, Zhong, Estey, Mueller,

1812.04130 (Science ’19); Morel, Yao, Clade, Guellati-Khelifa (Nature ’20)] 4

Two remarks:
• If a change in HVP brought 

SM value close to expt, 
problems might arise in 
global EW fit. 

Crivellin, Hoferichter, Manzari, 
Montull, 2003.04886 [PRL]

• (Related) unresolved issues 
in the electron g-2 sector:

More updates expected soon!

See plenary talk by James Mott and mini-review (Flavor III) by Hartmut Wittig

Hartmut	Wittig

Standard	Model	predicI on	versus	experiment
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) aSM
µ − a

exp
µ = 251(59)⇥10−10 (4.2σ)

SM	predicI on:

aSM
µ = 116591810(43)⇥10−11

FNAL	E989	(2021):

aE989
µ = 116592040(54)⇥10−11

Combined	with	BNL	E821	(2004):

a
exp
µ = 116592061(41)⇥10−11



New Physics Solutions to Muon g-2

• Essentially two choices:
1. Superweak interaction, small mass (e.g. ALP, dark photon, light Z’)
2. Stronger interaction, large mass (e.g. 2HDM, SUSY, leptoquark)

• New particle(s) in the loop can be anything: neutral/charged 
scalar, fermion or gauge boson. Lindner, Platscher, Queiroz, 
1610.06587 (Phys. Rep.)

• Need to be careful about the sign of the BSM contribution.

• Also need flavor non-universal couplings to avoid other expt
constraints.

14

new

particle

• definition


!

!

• chirality flip (L↔ R) by Yukawa

BSM%contribution

new

particle

• definition


!

!

• chirality flip (L↔ R) by Yukawa

BSM%contribution

Bauer, Foldenauer, Jaeckel, 1803.05466 [JHEP]



RD(ú) Anomaly

RD(ú ) =
BR(B æ D(ú)· ‹ )

BR(B æ D(ú)¸‹ )
(with ¸ = e, µ)

0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55
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R
D

*

BaBar

Belle

LHCb

SM

[Altmannshofer, BD, Soni, Sui, 2002.12910 (PRD ’20)]

Flavor Changing Charged Current – happens at tree-level in the SM (only

CKM-suppressed).

All experimental measurements to date are consistently above the SM prediction.

3.3‡ net discrepancy.

5

RD
(*) Anomaly
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Altmannshofer, BD, Soni, Sui, 2002.12910 [PRD]

RD(ú) Anomaly

RD(ú ) =
BR(B æ D(ú)· ‹ )

BR(B æ D(ú)¸‹ )
(with ¸ = e, µ)

0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55
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R
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*

BaBar
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LHCb

SM
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Flavor-changing 
charged current: 

happens at tree-level 
in the SM.

All experimental measurements to date are 
consistently above the SM prediction.

No such deviations in charmed meson decays:

BESIII, 2002.10578 [PRD]

NP particle(s) must be 
light, i.e. 
below ~TeV scale.
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Flavor-changing neutral current: 
Loop-suppressed in the SM.

Li, Shi, Geng, 2105.06768

Altmannshofer, Stangl, 2103.13370 

Best fit:

NP can be heavy.



Common New Physics Solution?

• A popular choice: Leptoquarks.
• Single scalar LQ solution? Bauer, Neubert, 1511.01900 [PRL]

• Now disfavored by global fits. 
Angelescu, Becirevic, Faroughy, Jaffredo, Sumensari, 2103.12504

• Single vector LQ  still a viable option, but must be 
embedded into some UV-completion.

Crivellin, Greub, Mueller, Saturnino, 1807.02068 [PRL];
Fornal, Gadam, Grinstein, 1812.01603 [PRD];
Cornella, Fuentes-Martin, Isidori, 1903.11517 [JHEP];
BD, Mohanta, Patra, Sahoo, 2004.09464 [PRD];
Iguro, Kawamura, Okawa, Omura, 2103.11889;
Perez, Murgui, Plascencia, 2104.11229; …

• Or invoke more than one scalar LQ. 
Chen, Nomura, Okada, 1703.03251 [PLB]; 
Bigaran, Gargalionis, Volkas, 1906.01870 [JHEP]; 
Saad, 2005.04352 [PRD]; 
Babu, BD, Jana, Thapa, 2009.01771 [JHEP]; …
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Chiral Enhancement for Muon g-2
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Collider µµ+ µ− µ⌧+ ⌧−

HL-LHC [126] 9.2% 3.8%

HE-LHC [126] 3.4% 2.2%

ILC (1000) [127] 12.4% 1.1%

CLIC (3000) [128] 11.6% 1.8%

CEPC [129] 17.8% 2.6%

FCC-hh [130] 0.82% 0.88%

Table I : Expected relat ive precision of the Higgs signal st rengths for future colliders. The

numbers shown here are for the kappa-0 scenario of Ref. [125].

in Fig. 6 by the horizontal dot ted lines. Thus, our predict ions for the modified h ! µ+ µ−

signal st rength can be tested at the HL-LHC, HE-LHC, as well as at the FCC-hh colliders.

Figure 6: Branching rat ios of Higgs to dimuon (blue) and ditau (red) decays with respect

to the SM predict ions in our model as a funct ion of the quart ic coupling parameter (λH R −

λ0
H R ). The horizontal dot ted (dot-dashed) lines show the sensit ivit ies of future colliders

for the µ+ µ− (⌧+⌧− ) channel. The shaded regions in yellow and blue are excluded by

perturbat ivity plus elect roweak precision data, and by perturbat ivity plus boundedness of

the potent ial const raints, respect ively.

It is also worth point ing out that the Yukawa textures needed to simultaneously explain

B -anomalies, muon g − 2, and neutrino mass require the f 33 entry to be nonzero, leading

– 22 –

Crivellin, Mueller, Saturnino, 2008.02643

Connection with Higgs decay to dileptons 

Depends on quartic couplings 

LQ solution to muon g-2 can be tested in 
precision Higgs data at LHC and future colliders.

Babu, BD, Jana, Thapa, 2009.01771 [JHEP]

See BSM IX parallel talk (today 5.30pm) by Anil Thapa
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B- anomalies vs High- pT Lepton Tails -  Admir Greljo, CERN

The main idea
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n ≥ 2 (64)

b ! c⌧̄⌫⌧ (65)

b ! sµµ̄ (66)

7

~ 4σ

R(D ( ∗ ) ) =
B(B̄ →D ( ∗ ) τ − ν̄τ )

B(B̄ →D ( ∗ ) − ν̄ )

R(D ( ∗ ) ) =
B(B̄ → D ( ∗ ) τ − ν̄τ )

B(B̄ → D ( ∗ ) − ν̄ )

1

:) Three experiments

Clean

Charged 

currents

(cL γμ bL)(τ L γ
μ

 νL)
Good fit

High- pT directions from flavour -  Admir Greljo, Johannes Gutenberg-Universität Mainz

VEW
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n ≥ 2 (64)

b ! c⌧̄⌫⌧ (65)

b ! sµµ̄ (66)
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Branching fractions 

[1403.8044, 1503.07138, 

1506.08777, 1606.04731, 

1612.06764]

Angular distributions 

[1308.1707, 1512.04442]

LFU ratios

[1406.6482, 1705.05802]

Dettori Part B1 SAND

µ+ µ− decay. The B 0
s ! µ+ µ− decay is one of the “ golden” -channels at the LHC. It ’s a FCNC

process, addit ionally suppressed for helicity reasons, with a SM branching fract ion of about 3.6⇥ 10− 9,

predicted accurately to 5% [5, 6], with st rong enhancements instead in many NP models [7, 8, 9, 10].

Exploit ing LHCb Run 1 data I have already led and performed the LHCb analysis which made the first

observat ion of this decay [11, 12, 13]. I also led the CERN wide LHC combined analysis [14]. These

measurements represent , in many cases, the most st ringent bound for a sub-set of supersymmetric

models and probe parameters well beyond the values accessible to direct searches [15, 16]. Searches

for the equivalend B 0 decay (B 0 ! µ+ µ− ) start only now to reach the SM [13] as this decay is even

rarer owing to the larger CKM suppression. In part icular, the rat io of the two branching fract ions

R = B(B 0 ! µ+ µ− )/ B(B 0
s ! µ+ µ− ) is ext remely well predicted in the SM [5] and would be modified

sensibly in any theory with a flavour st ructure di↵ erent from the SM. A measurement of R di↵ erent

from the SM would not only exclude this but also a whole class of theories under the Minimal-Flavour-

Violat ion (MFV) hypothesis [17]. Current measurements are limited by stat ist ics to measurements of

the branching fract ions, however a larger number of observables is available [18, 19] and the B 0
d,s !

µ+ µ− decays remain the strongest probes of this kind of NP [20, 21].

With regard to higher spin couplings, di↵ erent experimental anomalies with respect to SM pre-

dict ions are current ly present in b ! s`+ `− decays. The measured branching fract ions of B 0 !

K ⇤µ+ µ− [22], B + ! K + µ+ µ− , B 0 ! K 0µ+ µ− , B + ! K ⇤+ µ+ µ− , [23, 24], B 0
s ! φµ+ µ− [25] and

⇤0
b ! ⇤µ+ µ− [26] are all smaller than the respect ive SM predict ions. Furthermore a large discrep-

ancy is present in the angular dist ribut ions of the B 0 ! K ⇤µ+ µ− decay [27, 28, 29, 30, 31, 32]. In

addit ion, tests of lepton universality in B + ! K + `+ `− [33] and B 0 ! K ⇤`+ `− [34] show the st riking

feature of this precision observable not in agreement with SM. It ’s important to note that some of

these measurements are reported in agreement by several experiments (LHCb, ATLAS, CMS, Belle).

Remarkably, in terms of the e↵ ect ive descript ion, all these discrepancies can be explained simultane-

ously with a shift in a single coupling (the vector bsµµ coupling CV ) [35, 36, 37] or by a simultaneous

but opposite shift in the CV and CA , which resembles the V − A st ructure of the weak coupling of

the SM. This can be caused by a new part icle (Z 0) [38] similar to the Z 0 in the SM but with much

higher mass (10-100 TeV) which is not accessible for direct product ion at the LHC. Several other

explanat ions, among which leptoquarks [39, 40], have been proposed, but difficult ies are st ill present

when building a complete model [41].

Similar decays in the up quarks sector are very sensit ive but st ill far from experimental reach

due to the st ronger CKM suppression. Only recent ly they are start ing to be probed in rare charm

decays [42, 43]. Nevertheless measurements and limits from c ! u`` decays are the most st ringent

const raints on some of the proposed leptoquark explanat ions [40] and are therefore crucial to be

searched and studied at this very moment .

In SAND I t her efor e pr opose t o st udy di↵ er ent dimuon modes to test simultaneously:

scalar, pseudoscalar and axial-vector couplings with B 0
s ! µ+ µ− and B 0 ! µ+ µ− decays, the vector

couplings with B 0
s ! µ+ µ− γ and B 0⇤ ! µ+ µ− decays and the up-sector equivalent couplings with

D 0 ! µ+ µ− , D 0 ! µ+ µ− γ and D ⇤0 ! µ+ µ− decays (see Sec. 3.1).

? N ew char ged cur rent s, beyond direct searches, are precisely tested through semileptonic and

leptonic hadron decays. It is notable that another set of anomalies with respect to the SM is present

in this sector. In fact , measurements of the rat io of branching fract ions of B − (0) ! D [⇤]− (0)⌧−⌫over

B − (0) ! D [⇤]− (0)µ−⌫ decays reported by the BaBar [44, 45], Belle [46, 47, 48] and LHCb [49, 50]

experiments, are in disagreement with the SM predict ions for a combined significance of 3.9 standard

deviat ions [51]. This would be a second sign of a violat ion of lepton flavour universality, which is a

key predict ion of the SM.

In SAND I pr opose t o open a new fi eld in t he LH Cb r esear ch pr ogr am by st udy ing B + !

`+ ⌫ decays (` = ⌧, µ, e) in order to const rain new charged couplings and test the aforement ioned

anomalies. The measurement of B + ! `+ ⌫decays at a hadron collider is thought to be infeasible [52],

owing to the impossibility to measure the final state missing energy. However if one can close the

kinemat ics of the decay with addit ional informat ion, this obstacle can be overcome. A completely

new detect ion and reconst ruct ion technique will be developed to achieve this (see Sec.3.2). The purely

leptonic B + ! `+ ⌫proceed in the SM through a simple charged current . However, since the helicity

is conserved in the decay, as for the B 0
s ! µ+ µ− , these decays are suppressed proport ionally to

the rat io of the lepton mass to the B mass. Their branching fract ions are precisely predicted in
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addit ion, tests of lepton universality in B + ! K + `+ `− [33] and B 0 ! K ⇤`+ `− [34] show the st riking

feature of this precision observable not in agreement with SM. It ’s important to note that some of

these measurements are reported in agreement by several experiments (LHCb, ATLAS, CMS, Belle).

Remarkably, in terms of the e↵ ect ive descript ion, all these discrepancies can be explained simultane-

ously with a shift in a single coupling (the vector bsµµ coupling CV ) [35, 36, 37] or by a simultaneous

but opposite shift in the CV and CA , which resembles the V − A st ructure of the weak coupling of

the SM. This can be caused by a new part icle (Z 0) [38] similar to the Z 0 in the SM but with much

higher mass (10-100 TeV) which is not accessible for direct product ion at the LHC. Several other

explanat ions, among which leptoquarks [39, 40], have been proposed, but difficult ies are st ill present

when building a complete model [41].

Similar decays in the up quarks sector are very sensit ive but st ill far from experimental reach

due to the stronger CKM suppression. Only recent ly they are start ing to be probed in rare charm

decays [42, 43]. Nevertheless measurements and limits from c ! u`` decays are the most st ringent

const raints on some of the proposed leptoquark explanat ions [40] and are therefore crucial to be

searched and studied at this very moment .

In SAND I t her efor e pr opose t o st udy di↵ er ent dimuon modes to test simultaneously:

scalar, pseudoscalar and axial-vector couplings with B 0
s ! µ+ µ− and B 0 ! µ+ µ− decays, the vector

couplings with B 0
s ! µ+ µ− γ and B 0⇤ ! µ+ µ− decays and the up-sector equivalent couplings with

D 0 ! µ+ µ− , D 0 ! µ+ µ− γ and D⇤0 ! µ+ µ− decays (see Sec. 3.1).

? N ew char ged cur r ent s, beyond direct searches, are precisely tested through semileptonic and

leptonic hadron decays. It is notable that another set of anomalies with respect to the SM is present

in this sector. In fact , measurements of the rat io of branching fract ions of B − (0) ! D [⇤]− (0)⌧−⌫over

B − (0) ! D [⇤]− (0)µ−⌫ decays reported by the BaBar [44, 45], Belle [46, 47, 48] and LHCb [49, 50]

experiments, are in disagreement with the SM predict ions for a combined significance of 3.9 standard
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owing to the impossibility to measure the final state missing energy. However if one can close the

kinemat ics of the decay with addit ional informat ion, this obstacle can be overcome. A completely

new detect ion and reconst ruct ion technique will be developed to achieve this (see Sec.3.2). The purely

leptonic B + ! `+ ⌫proceed in the SM through a simple charged current . However, since the helicity

is conserved in the decay, as for the B 0
s ! µ+ µ− , these decays are suppressed proport ionally to

the rat io of the lepton mass to the B mass. Their branching fract ions are precisely predicted in
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the SM. This can be caused by a new part icle (Z 0) [38] similar to the Z 0 in the SM but with much
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explanat ions, among which leptoquarks [39, 40], have been proposed, but difficult ies are st ill present

when building a complete model [41].
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Abstract We investigate the impact of flavor-conserving,1

non-universal quark-lepton contact interactions on the dilep-2

ton invariant mass distribution in p p → + − processes at3

the LHC. After recasting the recent ATLAS search performed4

at 13 TeV with 36.1 fb− 1 of data, we derive the best up-to-date5

limits on the full set of 36 chirality-conserving four-fermion6

operators contributing to the processes and estimate the sen-7

sitivity achievable at the HL-LHC. We discuss how these1 8

high-pT measurements can provide complementary infor-9

mation to the low-pT rare meson decays. In particular, we10

find that the recent hints on lepton-flavor universality viola-11

tion in b → sµ+ µ− transitions are already in mild tension12

with the dimuon spectrum at high-pT if the flavor structure13

follows minimal flavor violation. Even if the mass scale of14

new physics is well beyond the kinematical reach for on-shell15

production, the signal in the high-pT dilepton tail might still16

be observed, a fact that has been often overlooked in the17

present literature. In scenarios where new physics couples18

predominantly to third generation quarks, instead, the HL-19

LHC phase is necessary in order to provide valuable infor-20

mation.21

1 Introduction22

Searches for new physics in flavor-changing neutral currents23

(FCNC) at low energies set strong limits on flavor-violating24

semileptonic four-fermion operators (qq ), often pushing25

the new physics mass scale beyond the kinematical reach26

of the LHC [1]. For example, if the recent hints for lepton-27

flavor non-universality in b → s + − transitions [2–5] are28

confirmed, the relevant dynamics might easily be outside the29

LHC range for on-shell production.30

In this situation, an effective field theory (EFT) approach31

is applicable in the entire spectrum of momentum transfers32

in proton collisions at the LHC, including the most energetic33

a e-mail: marzocca@physik.uzh.ch

processes. Since the leading deviations from the SM scale 34

like O( p2/ 2), where p2 is a typical momentum exchange, 35

less precise measurements at high-pT could offer similar (or 36

even better) sensitivity to new physics with respect to high- 37

precision measurements at low energies. Indeed, opposite- 38

sign same-flavor charged lepton production, p p → + −
39

( = e, µ ), sets competitive constraints on new physics when 40

compared to some low-energy measurements [6–8] or elec- 41

troweak precision tests performed at LEP [9]. 42

At the same time, motivated new physics flavor structures 43

can allow for large flavor-conserving but flavor non-universal 44

interactions. In this work we study the impact of such contact 45

interactions on the tails of dilepton invariant mass distribu- 46

tion in p p → + − and use the limits obtained in this way 47

to derive bounds on class of models which aim to solve the 48

recent b → s anomalies. With a similar spirit, in Ref. [10] 49

it was shown that the LHC measurements of pp → τ + τ −
50

already set stringent constraints on models aimed at solv- 51

ing the charged-current b → cτ ν̄τ anomalies. The paper is 52

organized as follows. In Sect. 2 we present a general parame- 53

terization of new physics effects in p p → + − and perform 54

a recast of the recent ATLAS search at 13 TeV with 36.1 fb− 1
55

of data [11] to derive present and future-projected limits on 56

flavor non-universal contact interactions for all quark fla- 57

vors accessible in the initial protons. In Sect. 3 we discuss 58

the implications of these results on the rare FCNC B meson 59

decay anomalies. The conclusions are found in Sect. 4. 60

2 New physics in the dilepton tails 61

2.1 General considerations 62

The discussion on new physics contributions to dilepton pro- 63

duction via Drell–Yan will be started by listing the gauge- 64

invariant dimension-six operators which can contribute at 65

tree-level to the process. We opt to work in the Warsaw 66

basis [12]. Neglecting chirality-flipping interactions (e.g. 67
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Confront ing lept on flavor universali t y violat ion in B decays wit h high-pT t au lept on
searches at LH C

Darius A. Faroughy,1, ⇤ Admir Greljo,2, 3, † and Jernej F. Kamenik1, 4, ‡

1Jǒzef Stefan Insti tute, Jamova 39, 1000 Ljubljana, Slovenia
2Physik-Insti tut, Universi tät Zur̈ ich, CH-8057 Zur̈ ich, Switzer land
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4Faculty of Mathematics and Physics, University of Ljubljana, Jadranska 19, 1000 Ljubljana, Slovenia

(Dated: September 23, 2016)

We confront the indicat ions of lepton flavor universality (LFU) violat ion observed in semi-tauonic
B meson decays with new physics (NP) searches using high pT tau leptons at the LHC. Using
e↵ect ive field theory arguments we correlate possible non-standard cont ribut ions to semi-tauonic
charged currents with the ⌧+ ⌧− signature at high energy hadron colliders. Several representat ive
standard model extensions put forward to explain the anomaly are examined in detail: (i) weak
t riplet of color-neut ral vector resonances, (ii) second Higgs doublet and (iii) scalar or (iv) vector
leptoquark. We find that , in general, ⌧+ ⌧− searches pose a serious challenge to NP explanat ions of
the LFU anomaly. Recast ing exist ing 8 TeV and 13 TeV LHC analyses, st ringent limits are set on
all considered simplified models. Future project ions of the ⌧+ ⌧− const raints as well as caveats in
interpret ing them within more elaborate models are also discussed.

I . I N T ROD U CT I ON

Lepton flavor universality (LFU) of weak interact ions
is one of the key predict ions of the standard model (SM).
Experimentally it has been probed at the percent level
precision both direct ly in W decays at LEP [1], but also
indirect ly via precision measurements of pion, kaon, D
meson and tau lepton decays (see for example [2–5]).
Over the past several years, there has been accumulat ing
evidence for departures from LFU in (semi)tauonic de-
cays of B mesons. In part icular, Babar [6, 7], Belle [8, 9]
and LHCb [10] have all reported measurements of LFU
rat ios

R(D (⇤) ) ⌘
Γ(B ! D (⇤)⌧⌫)

Γ(B ! D (⇤) `⌫)
, (1)

where ` = e,µ, systemat ically larger than the corre-
sponding very precise SM predict ions [11–14]. A recent
HFAG average of all current measurements [2]

R(D⇤) = (1.25± 0.07) ⇥ R(D⇤)SM , (2a)

R(D ) = (1.32± 0.16) ⇥ R(D )SM , (2b)

puts the combined significance of these excesses at the
4.0 σ level (assuming R(D ) = R(D⇤) the significance
exceeds 4.4 σ). Both R(D (⇤) ) exhibit deviat ions of the
same order and a good fit to current data prefers an ap-
proximately universal enhancement of ⇠ 30% in both
observables over their SM values. This relat ively large
e↵ect in charged current mediated weak processes calls
for new physics (NP) contribut ions in b ! c⌧⌫t ransi-
t ions [15]. At the tree level, the possibilit ies are reduced

⇤Elect ronic address:darius.faroughy@ijs.si
†Elect ronic address:admir@physik.uzh.ch
‡Elect ronic address:jernej .kamenik@cern.ch

to the exchange of a charged scalar (H + ) [16, 17] or vec-
tor (W 0) [18, 19] bosons, or alternat ively colored states
carrying baryon and lepton numbers (leptoquarks) [20–
23]. Important ly, all possibilit ies imply new charged (and
possibly colored) states with masses at or below the TeV
and with significant couplings to the third generat ion
SM fermions, making them potent ial targets for direct
searches at the LHC. The aim of the present work is to
elucidate and quant ify the current and future sensit ivity
of the LHC high-pT experiments (ATLAS and CMS) to
such NP. In part icular we will show that quite generally
NP relevant to the R(D (⇤) ) anomalies can be efficient ly
probed using high-pT tau pair product ion at the LHC.

The rest of the paper is st ructured as follows. In sec-
t ion I I we employ e↵ect ive field theory (EFT) arguments
to correlate NP contribut ions to R(D (⇤) ) with high-pT

signatures involving tau leptons. We then examine ex-
plicit single mediator extensions of the SM which can
be matched onto the EFT addressing the LFU anomaly
in Sec. I I I. The result ing constraints coming from exist -
ing⌧+ ⌧− searches by ATLAS and CMS are presented in
Sec. IV. Futureexperimental prospectsaswell aspossible
direct ions for model building in order to alleviate⌧+ ⌧−

constraints are discussed in Sec. V.

I I . EFFECT I V E FI EL D T H EORY

At sufficient ly low energies, the exchange of new mas-
sive part icles induces e↵ects which can be fully captured
by the appearance of local higher dimensional operators
within an e↵ect ive field theory descript ion where the SM
contains all the relevant degrees of freedom. The leading
contribut ions appear at operator dimension six. While
the e↵ects in semileptonic B decays can without loss of
generality be described in terms of e↵ect ive operators re-
spect ing the QCD and QED gauge symmetries relevant
below the electroweak breaking scale vEW ' 246 GeV,
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Dettori Part B1 SAND

µ+ µ− decay. The B 0
s ! µ+ µ− decay is one of the “ golden” -channels at the LHC. It ’s a FCNC

process, addit ionally suppressed for helicity reasons, with a SM branching fract ion of about 3.6⇥ 10− 9,

predicted accurately to 5% [5, 6], with st rong enhancements instead in many NP models [7, 8, 9, 10].

Exploit ing LHCb Run 1 data I havealready led and performed theLHCb analysis which made the first

observat ion of this decay [11, 12, 13]. I also led the CERN wide LHC combined analysis [14]. These

measurements represent , in many cases, the most st ringent bound for a sub-set of supersymmetric

models and probe parameters well beyond the values accessible to direct searches [15, 16]. Searches

for the equivalend B 0 decay (B 0 ! µ+ µ− ) start only now to reach the SM [13] as this decay is even

rarer owing to the larger CKM suppression. In part icular, the rat io of the two branching fract ions

R = B(B 0 ! µ+ µ− )/ B(B 0
s ! µ+ µ− ) is extremely well predicted in the SM [5] and would be modified

sensibly in any theory with a flavour structure di↵ erent from the SM. A measurement of R di↵ erent

from the SM would not only exclude this but also a whole class of theories under the Minimal-Flavour-

Violat ion (MFV) hypothesis [17]. Current measurements are limited by stat ist ics to measurements of

the branching fract ions, however a larger number of observables is available [18, 19] and the B 0
d,s !

µ+ µ− decays remain the strongest probes of this kind of NP [20, 21].

With regard to higher spin couplings, di↵ erent experimental anomalies with respect to SM pre-

dict ions are current ly present in b ! s`+ `− decays. The measured branching fract ions of B 0 !

K ⇤µ+ µ− [22], B + ! K + µ+ µ− , B 0 ! K 0µ+ µ− , B + ! K ⇤+ µ+ µ− , [23, 24], B 0
s ! φµ+ µ− [25] and

⇤0
b ! ⇤µ+ µ− [26] are all smaller than the respect ive SM predict ions. Furthermore a large discrep-

ancy is present in the angular distribut ions of the B 0 ! K ⇤µ+ µ− decay [27, 28, 29, 30, 31, 32]. In

addit ion, tests of lepton universality in B + ! K + `+ `− [33] and B 0 ! K ⇤`+ `− [34] show the striking

feature of this precision observable not in agreement with SM. It ’s important to note that some of

these measurements are reported in agreement by several experiments (LHCb, ATLAS, CMS, Belle).

Remarkably, in terms of the e↵ ect ive descript ion, all these discrepancies can be explained simultane-

ously with a shift in a single coupling (the vector bsµµ coupling CV ) [35, 36, 37] or by a simultaneous

but opposite shift in the CV and CA , which resembles the V − A structure of the weak coupling of

the SM. This can be caused by a new part icle (Z 0) [38] similar to the Z 0 in the SM but with much

higher mass (10-100 TeV) which is not accessible for direct product ion at the LHC. Several other

explanat ions, among which leptoquarks [39, 40], have been proposed, but difficult ies are st ill present

when building a complete model [41].

Similar decays in the up quarks sector are very sensit ive but st ill far from experimental reach

due to the stronger CKM suppression. Only recent ly they are start ing to be probed in rare charm

decays [42, 43]. Nevertheless measurements and limits from c ! u`` decays are the most st ringent

constraints on some of the proposed leptoquark explanat ions [40] and are therefore crucial to be

searched and studied at this very moment .

In SAND I t herefor e propose t o st udy di↵ erent dimuon modes to test simultaneously:

scalar, pseudoscalar and axial-vector couplings with B 0
s ! µ+ µ− and B 0 ! µ+ µ− decays, the vector

couplings with B 0
s ! µ+ µ− γ and B 0⇤ ! µ+ µ− decays and the up-sector equivalent couplings with

D 0 ! µ+ µ− , D 0 ! µ+ µ− γ and D⇤0 ! µ+ µ− decays (see Sec. 3.1).

? N ew char ged cur rent s, beyond direct searches, are precisely tested through semileptonic and

leptonic hadron decays. It is notable that another set of anomalies with respect to the SM is present

in this sector. In fact , measurements of the rat io of branching fract ions of B − (0) ! D [⇤]− (0)⌧−⌫over

B − (0) ! D [⇤]− (0)µ−⌫ decays reported by the BaBar [44, 45], Belle [46, 47, 48] and LHCb [49, 50]

experiments, are in disagreement with the SM predict ions for a combined significance of 3.9 standard

deviat ions [51]. This would be a second sign of a violat ion of lepton flavour universality, which is a

key predict ion of the SM.

In SAND I propose t o open a new field in t he LH Cb research progr am by st udying B + !

`+ ⌫ decays (` = ⌧, µ, e) in order to constrain new charged couplings and test the aforement ioned

anomalies. The measurement of B + ! `+ ⌫decays at a hadron collider is thought to be infeasible [52],

owing to the impossibility to measure the final state missing energy. However if one can close the

kinemat ics of the decay with addit ional informat ion, this obstacle can be overcome. A completely

new detect ion and reconstruct ion technique will be developed to achieve this (see Sec.3.2). The purely

leptonic B + ! `+ ⌫proceed in the SM through a simple charged current . However, since the helicity

is conserved in the decay, as for the B 0
s ! µ+ µ− , these decays are suppressed proport ionally to

the rat io of the lepton mass to the B mass. Their branching fract ions are precisely predicted in

3
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? N ew char ged cur r ent s, beyond direct searches, are precisely tested through semileptonic and

leptonic hadron decays. It is notable that another set of anomalies with respect to the SM is present

in this sector. In fact , measurements of the rat io of branching fract ions of B − (0) ! D [⇤]− (0)⌧−⌫over

B − (0) ! D [⇤]− (0)µ−⌫ decays reported by the BaBar [44, 45], Belle [46, 47, 48] and LHCb [49, 50]

experiments, are in disagreement with the SM predict ions for a combined significance of 3.9 standard

deviat ions [51]. This would be a second sign of a violat ion of lepton flavour universality, which is a

key predict ion of the SM.

In SAND I propose t o open a new field in t he L H Cb resear ch progr am by st udying B + !

`+ ⌫ decays (` = ⌧, µ, e) in order to constrain new charged couplings and test the aforement ioned

anomalies. The measurement of B + ! `+ ⌫decays at a hadron collider is thought to be infeasible [52],

owing to the impossibility to measure the final state missing energy. However if one can close the

kinemat ics of the decay with addit ional informat ion, this obstacle can be overcome. A completely

new detect ion and reconst ruct ion technique will be developed to achieve this (see Sec.3.2). The purely

leptonic B + ! `+ ⌫proceed in the SM through a simple charged current . However, since the helicity

is conserved in the decay, as for the B 0
s ! µ+ µ− , these decays are suppressed proport ionally to

the rat io of the lepton mass to the B mass. Their branching fract ions are precisely predicted in
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process, addit ionally suppressed for helicity reasons, with a SM branching fract ion of about 3.6⇥ 10− 9,

predicted accurately to 5% [5, 6], with st rong enhancements instead in many NP models [7, 8, 9, 10].

Exploit ing LHCb Run 1 data I have already led and performed the LHCb analysis which made the first

observat ion of this decay [11, 12, 13]. I also led the CERN wide LHC combined analysis [14]. These
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models and probe parameters well beyond the values accessible to direct searches [15, 16]. Searches

for the equivalend B 0 decay (B 0 ! µ+ µ− ) start only now to reach the SM [13] as this decay is even

rarer owing to the larger CKM suppression. In part icular, the rat io of the two branching fract ions

R = B(B 0 ! µ+ µ− )/ B(B 0
s ! µ+ µ− ) is ext remely well predicted in the SM [5] and would be modified

sensibly in any theory with a flavour st ructure di↵ erent from the SM. A measurement of R di↵ erent

from the SM would not only exclude this but also a whole class of theories under the Minimal-Flavour-
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experiments, are in disagreement with the SM predict ions for a combined significance of 3.9 standard

deviat ions [51]. This would be a second sign of a violat ion of lepton flavour universality, which is a
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anomalies. The measurement of B + ! `+ ⌫decays at a hadron collider is thought to be infeasible [52],

owing to the impossibility to measure the final state missing energy. However if one can close the

kinemat ics of the decay with addit ional informat ion, this obstacle can be overcome. A completely

new detect ion and reconstruct ion technique will be developed to achieve this (see Sec.3.2). The purely
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predicted accurately to 5% [5, 6], with st rong enhancements instead in many NP models [7, 8, 9, 10].
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Violat ion (MFV) hypothesis [17]. Current measurements are limited by stat ist ics to measurements of
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µ+ µ− decays remain the st rongest probes of this kind of NP [20, 21].
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feature of this precision observable not in agreement with SM. It ’s important to note that some of

these measurements are reported in agreement by several experiments (LHCb, ATLAS, CMS, Belle).

Remarkably, in terms of the e↵ ect ive descript ion, all these discrepancies can be explained simultane-
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but opposite shift in the CV and CA , which resembles the V − A st ructure of the weak coupling of

the SM. This can be caused by a new part icle (Z 0) [38] similar to the Z 0 in the SM but with much

higher mass (10-100 TeV) which is not accessible for direct product ion at the LHC. Several other

explanat ions, among which leptoquarks [39, 40], have been proposed, but difficult ies are st ill present

when building a complete model [41].

Similar decays in the up quarks sector are very sensit ive but st ill far from experimental reach
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in this sector. In fact , measurements of the rat io of branching fract ions of B − (0) ! D [⇤]− (0)⌧−⌫over

B − (0) ! D [⇤]− (0)µ−⌫ decays reported by the BaBar [44, 45], Belle [46, 47, 48] and LHCb [49, 50]

experiments, are in disagreement with the SM predict ions for a combined significance of 3.9 standard
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owing to the impossibility to measure the final state missing energy. However if one can close the

kinemat ics of the decay with addit ional informat ion, this obstacle can be overcome. A completely

new detect ion and reconst ruct ion technique will be developed to achieve this (see Sec.3.2). The purely

leptonic B + ! `+ ⌫proceed in the SM through a simple charged current . However, since the helicity

is conserved in the decay, as for the B 0
s ! µ+ µ− , these decays are suppressed proport ionally to
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s ! µ+ µ− decay is one of the “ golden” -channels at the LHC. It ’s a FCNC

process, addit ionally suppressed for helicity reasons, with a SM branching fract ion of about 3.6⇥ 10− 9,

predicted accurately to 5% [5, 6], with st rong enhancements instead in many NP models [7, 8, 9, 10].

Exploit ing LHCb Run 1 data I have already led and performed the LHCb analysis which made the first

observat ion of this decay [11, 12, 13]. I also led the CERN wide LHC combined analysis [14]. These

measurements represent , in many cases, the most st ringent bound for a sub-set of supersymmetric

models and probe parameters well beyond the values accessible to direct searches [15, 16]. Searches

for the equivalend B 0 decay (B 0 ! µ+ µ− ) start only now to reach the SM [13] as this decay is even

rarer owing to the larger CKM suppression. In part icular, the rat io of the two branching fract ions

R = B(B 0 ! µ+ µ− )/ B(B 0
s ! µ+ µ− ) is ext remely well predicted in the SM [5] and would be modified

sensibly in any theory with a flavour st ructure di↵ erent from the SM. A measurement of R di↵ erent

from the SM would not only exclude this but also a whole class of theories under the Minimal-Flavour-

Violat ion (MFV) hypothesis [17]. Current measurements are limited by stat ist ics to measurements of

the branching fract ions, however a larger number of observables is available [18, 19] and the B 0
d,s !

µ+ µ− decays remain the st rongest probes of this kind of NP [20, 21].

With regard to higher spin couplings, di↵ erent experimental anomalies with respect to SM pre-

dict ions are current ly present in b ! s`+ `− decays. The measured branching fract ions of B 0 !

K ⇤µ+ µ− [22], B + ! K + µ+ µ− , B 0 ! K 0µ+ µ− , B + ! K ⇤+ µ+ µ− , [23, 24], B 0
s ! φµ+ µ− [25] and

⇤0
b ! ⇤µ+ µ− [26] are all smaller than the respect ive SM predict ions. Furthermore a large discrep-

ancy is present in the angular dist ribut ions of the B 0 ! K ⇤µ+ µ− decay [27, 28, 29, 30, 31, 32]. In

addit ion, tests of lepton universality in B + ! K + `+ `− [33] and B 0 ! K ⇤`+ `− [34] show the striking

feature of this precision observable not in agreement with SM. It ’s important to note that some of

these measurements are reported in agreement by several experiments (LHCb, ATLAS, CMS, Belle).

Remarkably, in terms of the e↵ ect ive descript ion, all these discrepancies can be explained simultane-

ously with a shift in a single coupling (the vector bsµµ coupling CV ) [35, 36, 37] or by a simultaneous

but opposite shift in the CV and CA , which resembles the V − A st ructure of the weak coupling of

the SM. This can be caused by a new part icle (Z 0) [38] similar to the Z 0 in the SM but with much

higher mass (10-100 TeV) which is not accessible for direct product ion at the LHC. Several other

explanat ions, among which leptoquarks [39, 40], have been proposed, but difficult ies are st ill present

when building a complete model [41].

Similar decays in the up quarks sector are very sensit ive but st ill far from experimental reach

due to the stronger CKM suppression. Only recent ly they are start ing to be probed in rare charm

decays [42, 43]. Nevertheless measurements and limits from c ! u`` decays are the most st ringent

const raints on some of the proposed leptoquark explanat ions [40] and are therefore crucial to be

searched and studied at this very moment .
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scalar, pseudoscalar and axial-vector couplings with B 0
s ! µ+ µ− and B 0 ! µ+ µ− decays, the vector

couplings with B 0
s ! µ+ µ− γ and B 0⇤ ! µ+ µ− decays and the up-sector equivalent couplings with

D 0 ! µ+ µ− , D 0 ! µ+ µ− γ and D⇤0 ! µ+ µ− decays (see Sec. 3.1).

? N ew char ged cur rent s, beyond direct searches, are precisely tested through semileptonic and

leptonic hadron decays. It is notable that another set of anomalies with respect to the SM is present

in this sector. In fact , measurements of the rat io of branching fract ions of B − (0) ! D [⇤]− (0)⌧−⌫over

B − (0) ! D [⇤]− (0)µ−⌫ decays reported by the BaBar [44, 45], Belle [46, 47, 48] and LHCb [49, 50]

experiments, are in disagreement with the SM predict ions for a combined significance of 3.9 standard

deviat ions [51]. This would be a second sign of a violat ion of lepton flavour universality, which is a

key predict ion of the SM.

In SAND I pr opose t o open a new field in t he LH Cb r esear ch pr ogr am by st udying B + !

`+ ⌫ decays (` = ⌧, µ, e) in order to const rain new charged couplings and test the aforement ioned

anomalies. The measurement of B + ! `+ ⌫decays at a hadron collider is thought to be infeasible [52],

owing to the impossibility to measure the final state missing energy. However if one can close the

kinemat ics of the decay with addit ional informat ion, this obstacle can be overcome. A completely

new detect ion and reconst ruct ion technique will be developed to achieve this (see Sec.3.2). The purely

leptonic B + ! `+ ⌫proceed in the SM through a simple charged current . However, since the helicity

is conserved in the decay, as for the B 0
s ! µ+ µ− , these decays are suppressed proport ionally to

the rat io of the lepton mass to the B mass. Their branching fract ions are precisely predicted in
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s ! µ+ µ− decay is one of the “ golden” -channels at the LHC. It ’s a FCNC

process, addit ionally suppressed for helicity reasons, with a SM branching fract ion of about 3.6⇥ 10− 9,

predicted accurately to 5% [5, 6], with st rong enhancements instead in many NP models [7, 8, 9, 10].

Exploit ing LHCb Run 1 data I have already led and performed the LHCb analysis which made the first

observat ion of this decay [11, 12, 13]. I also led the CERN wide LHC combined analysis [14]. These

measurements represent , in many cases, the most st ringent bound for a sub-set of supersymmetric

models and probe parameters well beyond the values accessible to direct searches [15, 16]. Searches

for the equivalend B 0 decay (B 0 ! µ+ µ− ) start only now to reach the SM [13] as this decay is even

rarer owing to the larger CKM suppression. In part icular, the rat io of the two branching fract ions

R = B(B 0 ! µ+ µ− )/ B(B 0
s ! µ+ µ− ) is ext remely well predicted in the SM [5] and would be modified

sensibly in any theory with a flavour st ructure di↵ erent from the SM. A measurement of R di↵ erent

from the SM would not only exclude this but also a whole class of theories under the Minimal-Flavour-

Violat ion (MFV) hypothesis [17]. Current measurements are limited by stat ist ics to measurements of

the branching fract ions, however a larger number of observables is available [18, 19] and the B 0
d,s !

µ+ µ− decays remain the st rongest probes of this kind of NP [20, 21].

With regard to higher spin couplings, di↵ erent experimental anomalies with respect to SM pre-

dict ions are current ly present in b ! s`+ `− decays. The measured branching fract ions of B 0 !
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⇤0
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when building a complete model [41].
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B − (0) ! D [⇤]− (0)µ−⌫ decays reported by the BaBar [44, 45], Belle [46, 47, 48] and LHCb [49, 50]

experiments, are in disagreement with the SM predict ions for a combined significance of 3.9 standard

deviat ions [51]. This would be a second sign of a violat ion of lepton flavour universality, which is a

key predict ion of the SM.

In SAND I propose t o open a new field in t he LH Cb resear ch progr am by st udying B + !

`+ ⌫ decays (` = ⌧, µ, e) in order to constrain new charged couplings and test the aforement ioned

anomalies. The measurement of B + ! `+ ⌫decays at a hadron collider is thought to be infeasible [52],

owing to the impossibility to measure the final state missing energy. However if one can close the

kinemat ics of the decay with addit ional informat ion, this obstacle can be overcome. A completely

new detect ion and reconst ruct ion technique will be developed to achieve this (see Sec.3.2). The purely

leptonic B + ! `+ ⌫proceed in the SM through a simple charged current . However, since the helicity

is conserved in the decay, as for the B 0
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Figure 1: Distributions of (a) dielectron and (b) dimuon reconstructed invariant mass (m` ` ) after selection, for data

and theSM background estimates aswell as their ratio beforeand after marginalisation. Selected Z0
χ signals with a

pole mass of 3, 4 and 5 TeV are overlaid. The bin width of the distributions is constant in log(m` ` ) and the shaded

band in the lower panels illustrates the total systematic uncertainty, as explained in Sec. 7. The data points are

shown together with their statistical uncertainty.

A search for Z0
χ signals as well as generic Z0 signals with widths from 1% to 12% is performed utilising

the LLR test described in Ref. [54]. This second approach is specifically sensitive to narrow Z0-like

signals, and is thus complimentary to the more general BH approach. To perform the LLR search, the

Histfactory [55] package, together with RooStats [56] and RooFit [57] packages are used. The p-value

for finding a Z0
χ signal excess (at a given pole mass), as well as variable width generic Z0 excess (at a

given central mass and with a given width), more significant than the observed, is computed analytically,

using thetest statistic q0. Thetest statistic q0 isbased on thelogarithm of theprofile likelihood ratio λ (µ).

The test statistic ismodified for signal massesbelow 1.5 TeV to also quantify thesignificance of potential

deficits in the data. As in the BH search the SM background model is constructed using the modes of

marginalised posteriors of the nuisance parameters from the MCMC, and these nuisance parameters are

not included in the likelihood at this stage. Starting with mZ 0 of 150 GeV, multiple mass hypotheses are

tested in pole mass steps corresponding to the histogram bin width to compute the local p-values — that

is p-valuescorresponding to specific signal masshypotheses. Simulated experiments (for mZ 0 > 1.5 TeV)

and asymptotic relations (for mZ 0 < 1.5 TeV) in Ref. [54] are used to estimate the global p-value, which

is the probability to find anywhere in the m` ` distribution a Z0-like excess more significant than that

observed in the data.

10 Results

The data, scrutinised with the statistical tests described in the previous section, show no significant ex-

cesses. The LLR tests for a Z0
χ find global p-values of 58%, 91% and 83% in the dielectron, dimuon,
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We see that , similar to the scenario with S3, this model cannot accommodate the deviat ion

in RD (⇤) because the term proport ional to |xb⌧
L |2 is negat ive, while the others are t ight ly

constrained by other flavor physics observables, such as B(B ! K ⌫̄⌫).
Similarly to U1, the U3 model is generally nonrenormalizable. Nevertheless, under

certain circumstances, loops involving U3 can be calculated. More precisely, if the 3⇥ 3

matrix xL from Eq. (32) is unitary, UV-divergences appearing in loop-induced FCNCs

mediated by U3 are canceled through the GIM mechanism. However, the price to pay for

having a unitary coupling matrix is that LQ couplings to first generat ion SM fermions, such

as e, d, or u, can no longer be avoided. In turn, the presence of such couplings is in strong

conflict with LFV bounds from µ− e conversion in Au nuclei and from B(K L ! µe), which

exclude the U3 scenario with unitary xL as a viable explanat ion of the b ! s anomalies,

see discussion in Ref. [18].

4 H igh-pT phenomenology

4.1 D irect l imit s on pair -produced LQs

An efficient way to set limits on LQs is to direct ly search for them at hadron colliders. At

the LHC one of the most significant example of such a processes is the pair product ion

gg (qq̄) ! LQ†LQ, shown in Fig. 3(a). In both ATLAS and CMS the searches for this

process in di↵erent decay channels into second and/ or third generat ion quarks and lep-

tons, LQ†LQ ! qq̄̀ ¯̀, qq̄⌫̄⌫, have been made. The results of these searches lead to model

independent bounds on both the mass and branching fract ions of the LQ.

In Table 1 we list the most recent lower limits on the masses of second/ third genera-

t ion scalar and vector LQs relevant to this work, for benchmark branching rat ios set to

β= 1(0.5). These limitsassumethe following: (i) pair product ion isdominated by QCD in-

teract ions, and (ii) for vector LQs(V µ) theLQ-gluon interact ion term, L ⊃ − gsV
µGµ⌫V

⌫,

is taken with = 1. The first assumpt ion is in general true for LQ-fermion couplings of

order ⇠ 1 or smaller [48]. In this regime, contribut ions to qq̄ ! LQ†LQ with a t-channel

lepton (where the amplitude is proport ional to the squared LQ-fermion coupling) are sub-

LQ

LQ

LQ ¯

q

q̄

g

g

(a) (b)

Figure 3: (a) Representat ive Feynman diagram for LQ pair product ion via QCD interact ions.

(b) Feynman diagram for LQ t-channel exchange in pp ! ` ¯̀product ion at the LHC. The dashed

propagator represents either a scalar or vector LQ state.
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Figure 9: 1σ (light red) and 2σ (light blue) allowed range for RD ( ?) in the relevant

Yukawa coupling plane, with the R2 LQ mass at 900 GeV and with a fixed f 22 = 0.29.

The horizontal purple band is from the Z ! ⌧⌧const raint . The curved green band and

cyan bands respect ively represent exclusion from LQ pair product ion in pp ! bb⌧⌧and

pp ! j j⌫⌫channels at LHC. The vert ical yellow band corresponds to the exclusion from

LFV decay ⌧! µγ. The dark purple shaded box represents the 1σ allowed region for

RD ( ?) that is consistent with all the const raints in this model.

needs to be complex to get a good fit to RD ( ?) . Thus, while doing the minimizat ion to get

neutrino oscillat ion fit , we choose the f 23 coupling purely imaginary, as shown in Fig. 9.

The dark purple shaded area highlighted in Fig. 9 represents the allowed region that is

consistent with all the constraints in our model. The rest of the colored regions areexcluded

by variousconst raintsdiscussed in theprevioussect ions. Thehorizontal purpleband is from

Z ! ⌧⌧constraint (cf. Eq. 5.8). The green and cyan shaded regions respect ively represent

LHC exclusion from LQ pair-product ion in b⌧and j⌫decay modes (cf. Fig. 7). The vert ical

yellow shaded region corresponds to the exclusion from LFV decay ⌧! µγ (cf. Table I I).

In the next subsect ion, we will choose both f 0
33 and f 23 values from within the allowed

region shown in Fig. 9.

7.2 N eut r ino Fi t

In this sect ion, we explicit ly show that the neutrino oscillat ion data can be explained in our

model, while being consistent with the B -anomalies and (g− 2)µ , as well as sat isfying all the

– 32 –

Babu, BD, Jana, Thapa, 2009.01771 [JHEP]

Non-resonant dilepton searches at LHC severely restrict 
the allowed LQ parameter space for B-anomalies.

bL

⌧R

! 2/ 3

cR

⌫L

b

µ−

⇢4/ 3

µ−

s

Figure 2: Feynman diagrams for the dominant LQ contribut ions to the b ! c⌧− ⌫̄(left )

and b ! sµ− µ+ (right) t ransit ions.

processes such as B ! K ⌫̄⌫. It is also worth ment ioning that one can induce Wilson

coefficient g`V of Eq. (3.15) proport ional to y3`y
?
33, in conjunct ion with CKM mixing. How-

ever, for ` = 3, this contribut ion has an opposite sign compared to the SM, and therefore

would require the new cont ribut ion to be twice as large as the SM one, bringing it to the

non-perturbat ive regime. For ` = 1 or 2, there is no interference with the SM term, which

would again require large non-perturbat ive values from the S3 contribut ion. Thus we shall

ignore these S3-induced cont ribut ions to RD ( ?) . In Sect ion 7.1, we have shown two best

fit values of the Yukawa coupling matrices. For these choices of Yukawa couplings, shown

in Eqs. (7.3) and (7.4), we get negligible contribut ion to g`V = − 5⇥ 10− 5 for Fit I and

g`V = 6⇥10− 6 for Fit I I from the S3 LQ, whereas the allowed 1σ range to explain RD ( ?) is

[0.072, 0.11]. Therefore, we will only focus on the R2 contribut ion to RD ( ?) induced through

the Wilson coefficients g`S and g`T . RD and RD ? induced through the Wilson coefficients g`s
and g`T at µR = mb with ⌫⌧ in the final state are approximately given by [102]

RD ' RSM
D 1 + 1.54Re[g⌧S] + 1.09 |g⌧S|2 + 1.04Re[g⌧T ] + 0.75 |g⌧T |2 , (3.16)

RD ? ' RSM
D ? 1− 0.13Re[g⌧S] + 0.05 |g⌧S|2 − 5.0Re[g⌧T ] + 16.27 |g⌧T |2 , (3.17)

where the numerical coefficients arise from the relevant form factors. These expressions

are applicable for ⌫e,µ final states as well, but by set t ing the Re[g⌧S] and Re[g⌧T ] terms in

Eqs. (3.16) and (3.17) to zero. This is because the new physics and the SM contribut ions

interfere only when ⌫̀= ⌫⌧.

The required values for the Wilson coefficient to get a simultaneous fit for both RD and

RD ? is depicted in Fig. 3. We make use of Flavio package [103] that has NNLO QCD and

NLO elect roweak correct ions coded in it , in generat ing Fig. 3. The left panel shows the 1σ

allowed range of RD (light blue band) and R?D (light coral band) in the complex plane of g⌧S
with g

e,µ
S = 0, i.e., with f 23 6= 0 and f 21 = f 22 = 0 in Eq. (3.10). The intersect ion between

the two bands, highlighted by the purple shaded regions, represents the allowed region that

sat isfies both anomalies. From this plot , we find that Im(g⌧S) must be nonzero, as first

noted in Ref. [104], while Re(g⌧S) should be nearly zero to fit RD ( ?) . From Eqs. (3.16) and

(3.17) it is clear that any nonzero Re[g⌧s ] would pull RD and R⇤
D in opposite direct ions,

in contradict ion with experimental values (cf. Eqs. (3.2) and (3.3)), which is what forces

Re(g⌧S) ' 0. In the right panel, we set Re(g⌧S) = 0, i.e., we set g⌧S (or, equivalent ly, the f 23

coupling) to be purely imaginary, and switch on the f 22 coupling as well, as is the case with

our texture in Eq. (2.53). Again, the 1σ allowed ranges for RD and RD ? are shown by the
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Figure 2: Feynman diagrams for the dominant LQ contribut ions to the b ! c⌧− ⌫̄(left )

and b ! sµ− µ+ (right) t ransit ions.

processes such as B ! K ⌫̄⌫. It is also worth ment ioning that one can induce Wilson

coefficient g`V of Eq. (3.15) proport ional to y3`y
?
33, in conjunct ion with CKM mixing. How-

ever, for ` = 3, this contribut ion has an opposite sign compared to the SM, and therefore

would require the new cont ribut ion to be twice as large as the SM one, bringing it to the

non-perturbat ive regime. For ` = 1 or 2, there is no interference with the SM term, which

would again require large non-perturbat ive values from the S3 contribut ion. Thus we shall

ignore these S3-induced cont ribut ions to RD ( ?) . In Sect ion 7.1, we have shown two best

fit values of the Yukawa coupling matrices. For these choices of Yukawa couplings, shown

in Eqs. (7.3) and (7.4), we get negligible contribut ion to g`V = − 5⇥ 10− 5 for Fit I and

g`V = 6⇥10− 6 for Fit I I from the S3 LQ, whereas the allowed 1σ range to explain RD ( ?) is

[0.072, 0.11]. Therefore, we will only focus on the R2 contribut ion to RD ( ?) induced through

the Wilson coefficients g`S and g`T . RD and RD ? induced through the Wilson coefficients g`s
and g`T at µR = mb with ⌫⌧ in the final state are approximately given by [102]

RD ' RSM
D 1 + 1.54Re[g⌧S] + 1.09 |g⌧S|2 + 1.04Re[g⌧T ] + 0.75 |g⌧T |2 , (3.16)

RD ? ' RSM
D ? 1− 0.13Re[g⌧S] + 0.05 |g⌧S|2 − 5.0Re[g⌧T ] + 16.27 |g⌧T |2 , (3.17)

where the numerical coefficients arise from the relevant form factors. These expressions

are applicable for ⌫e,µ final states as well, but by set t ing the Re[g⌧S] and Re[g⌧T ] terms in

Eqs. (3.16) and (3.17) to zero. This is because the new physics and the SM cont ribut ions

interfere only when ⌫̀= ⌫⌧.

The required values for the Wilson coefficient to get a simultaneous fit for both RD and

RD ? is depicted in Fig. 3. We make use of Flavio package [103] that has NNLO QCD and

NLO elect roweak correct ions coded in it , in generat ing Fig. 3. The left panel shows the 1σ

allowed range of RD (light blue band) and R?D (light coral band) in the complex plane of g⌧S
with g

e,µ
S = 0, i.e., with f 23 6= 0 and f 21 = f 22 = 0 in Eq. (3.10). The intersect ion between

the two bands, highlighted by the purple shaded regions, represents the allowed region that

sat isfies both anomalies. From this plot , we find that Im(g⌧S) must be nonzero, as first

noted in Ref. [104], while Re(g⌧S) should be nearly zero to fit RD ( ?) . From Eqs. (3.16) and

(3.17) it is clear that any nonzero Re[g⌧s ] would pull RD and R⇤
D in opposite direct ions,

in contradict ion with experimental values (cf. Eqs. (3.2) and (3.3)), which is what forces

Re(g⌧S) ' 0. In the right panel, we set Re(g⌧S) = 0, i.e., we set g⌧S (or, equivalent ly, the f 23

coupling) to be purely imaginary, and switch on the f 22 coupling as well, as is the case with

our texture in Eq. (2.53). Again, the 1σ allowed ranges for RD and RD ? are shown by the

– 16 –

See BSM IX parallel talk (today 5.30pm) by Anil Thapa
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Why SUSY?

Natural SUSY

[Brust, Katz, Lawrence, Sundrum, 1110.6670 (JHEP ’12); Papucci, Ruderman, Weiler, 1110.6926 (JHEP ’12)]

8

Natural SUSY: 
Only 3rd generation sfermions light.
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FIG. 1. Normalized kinemat ic dist ribut ions for the pp → bτ ν → b + /E T signal and background.

with = e,µ)2, where the dominant contribut ions come

from the pp → Wj and pp → b̄bj channels.

As for the NP contribut ion, we consider the following

dimension-6 four-fermion operators [33]:

OVR , L
= (c̄γµPR,L b) (⌧̄γµPL ν) (5)

OSR , L
= (c̄PR,L b) (⌧̄PL ν) . (6)

The amplitudes for the collider process gc → b⌧ν are

suppressed by gNP / Λ2, where gNP denotes the effect ive

NP coupling in the contact interact ion and Λ is the NP

scale. For a typical choice gNP / Λ2 = (1 TeV)− 2, we ob-

tain a signal cross sect ion for pp → b⌧ν → b + /E T of

σV 1.1 pb for the vector case and σS 1.8 pb for the

scalar case, both at
√

s = 13 TeV LHC. These cross sec-

t ion est imates imply that even without using any special-

ized select ion cuts to opt imize the signal-to-background

rat io, the NP signals associated with the RD (⇤) anomaly

2 We thank Brian Shuve for point ing out an earlier error in our

cross sect ion est imate, which was caused due to the default value

of zero ⌧-width in MadGraph5.

may be direct ly probed at 3σ confidence level for me-

diator masses up to around 2.4 (2.6) TeV in the vector

(scalar) operator case with O(1) couplings at
√

s = 13

TeV LHC with an integrated luminosity of 300 fb− 1.

Thesignal-to-background rat io can be improved in var-

ious ways. For instance, simple kinemat ic distribut ions,

such as thetransversemomentum of theoutgoing b-quark

(or of the final lepton) and the invariant mass of the b

quark and lepton system (see Fig. 1), can be used to dis-

t inguish the NP signals from each other and from the SM

background for different NP operators. Furthermore, im-

posing stringent cuts like pb
T > 100 GeV and M b > 100

GeV could drast ically reduce the SM background, with-

out significant ly affect ing the signal (see Fig. 1), espe-

cially in the vector case, potent ially enhancing the LHC

sensit ivity to even higher mediator masses. Similarly, in-

creasing the /E T cut to 100 GeV will significant ly reduce

the SM background, including the mis-measured dijets,

without much signal loss, as can be seen from Fig. 1. For

illust rat ion, we show in Tab. I the individual cut efficien-

cies of the signal and background for three representa-

t ive values of the kinemat ic cuts for the four kinemat ic

observables considered in Fig. 1 (taken one at a t ime).

SM RPV

0 200 400 600 800 1000 1200
0

500

1000

1500

2000

Mbl2 (GeV)

N
o

rm
a

li
z
e

d
E

v
e

n
e

ts

[Altmannshofer, BD, Soni (PRD ’17)] [Altmannshofer, BD, Soni, Sui (PRD ’20)]

30

LHC Signals

Effective operators:

RD(ú ) : OVL
= (c̄“

µ
PLb)(·̄ “ µ PL‹ )

RK (ú ) : Q
¸
9(10) = (s̄“

µ
PLb)( ¯̧“ µ (“ 5)¸)

Crossing symmetry: b æ c· ‹ leads to gc æ b· ‹ , and b æ s¸¸ leads to gs æ b¸¸ .

λ0
323

g↵

λ 0
i 033b̃R

bL

⌫i 0
L

⌧L

cL

g

cL
λ0

i 32
g↵

λ0
i 033t̃L

bR

` i 0
L

` i L

sR

g

sR

3

SM Vector Scalar

0 200 400 600 800 1000
0

2000

4000

6000

8000

10 000

pT
b (GeV)

N
o

rm
a

liz
e

d
E

v
e

n
e

ts

FIG. 1. Normalized kinemat ic dist ribut ions for the pp → bτ ν → b + /E T signal and background.

with = e,µ)2, where the dominant contribut ions come

from the pp → Wj and pp → b̄bj channels.

As for the NP contribut ion, we consider the following

dimension-6 four-fermion operators [33]:

OVR , L
= (c̄γµPR,L b) (⌧̄γµPL ν) (5)

OSR , L
= (c̄PR,L b) (⌧̄PL ν) . (6)

The amplitudes for the collider process gc → b⌧ν are

suppressed by gNP / Λ2, where gNP denotes the effect ive

NP coupling in the contact interact ion and Λ is the NP

scale. For a typical choice gNP / Λ2 = (1 TeV)− 2, we ob-

tain a signal cross sect ion for pp → b⌧ν → b + /E T of

σV 1.1 pb for the vector case and σS 1.8 pb for the

scalar case, both at
√

s = 13 TeV LHC. These cross sec-

t ion est imates imply that even without using any special-

ized select ion cuts to opt imize the signal-to-background

rat io, the NP signals associated with the RD (⇤) anomaly

2 We thank Brian Shuve for point ing out an earlier error in our

cross sect ion est imate, which was caused due to the default value

of zero ⌧-width in MadGraph5.

may be direct ly probed at 3σ confidence level for me-

diator masses up to around 2.4 (2.6) TeV in the vector

(scalar) operator case with O(1) couplings at
√

s = 13

TeV LHC with an integrated luminosity of 300 fb− 1.

Thesignal-to-background rat io can be improved in var-

ious ways. For instance, simple kinemat ic dist ribut ions,

such as thetransversemomentum of theoutgoing b-quark

(or of the final lepton) and the invariant mass of the b

quark and lepton system (see Fig. 1), can be used to dis-

t inguish the NP signals from each other and from the SM

background for different NP operators. Furthermore, im-

posing stringent cuts like pb
T > 100 GeV and M b > 100

GeV could drast ically reduce the SM background, with-

out significant ly affect ing the signal (see Fig. 1), espe-

cially in the vector case, potent ially enhancing the LHC

sensit ivity to even higher mediator masses. Similarly, in-

creasing the /E T cut to 100 GeV will significant ly reduce

the SM background, including the mis-measured dijets,

without much signal loss, as can be seen from Fig. 1. For

illust rat ion, we show in Tab. I the individual cut efficien-

cies of the signal and background for three representa-

t ive values of the kinemat ic cuts for the four kinemat ic

observables considered in Fig. 1 (taken one at a t ime).
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Figure 3: Comparison between data and prediction in each signal region of this analysis after the profile likelihood fit

has been performed. All uncertainties, systematic and statistical, are included. The hatched grey area in this figure is

the combination of of all uncertainties in the analysis.
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Doublet-triplet LQSinglet-doublet LQ

RPV SUSY

(a) (b)

(c)

Figure 31: Predict ions for diagonal NSI ("ee, "µµ , "⌧⌧) induced by doublet LQ in the

one-loop LQ model are shown by black dot ted contours. Color-shaded regions are excluded

by various theoret ical and experimental constraints. Yellow colored region is excluded by

perturbat ivity constraint on LQ coupling λ↵d [187]. Blue-shaded region is excluded by

LHC LQ searches (Fig. 29) in subfigure (a) by e+ jets channel (pair product ion for small

λed and single-product ion for large λed), in subfigure (b) by µ+ jets channel, and in sub-

figure (c) by ⌫+ jet channel. In (a), the red, brown and cyan-shaded regions are excluded

by the APV bound (cf. Eq. 5.18), HERA and LEP contact interact ion bounds (cf. Ta-

ble XVI) respect ively. In (b), the red line is the suggest ive limit from NuTeV [141]. In

(c), the red-shaded region is excluded by the global-fit const raint from neut rino oscilla-

t ion+ COHERENT data [61]. We also show the future DUNE sensit ivity in blue solid lines

for both 300 kt .MW.yr and 850 kt .MW.yr [66].
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Figure 30: Tree-level NSI diagrams with the exchange of heavy LQs: (a) for doublet LQ

with Yukawa λ ⇠O(1), and (b) for singlet LQ with Yukawa λ0⇠O(1).
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(5.44)

Γ(! − 1/ 3 ! ⌫↵dβ ) =
|λ↵β |2

16⇡
m! − 1/ 3 . (5.45)

In deriving Eq. (5.44), we have used the Goldstone boson equivalence theorem, and in

Eq. (5.45), the factor in thedenominator isnot 8⇡ (unlike theSM h ! b̄bcase, for instance),

because only one helicity state contributes.

The lighter LQ ! 2/ 3 in this case can only decay to `↵dβ with 100% branching rat io.

Using the fact that constraints from ⌧+⌧− j j channel are weaker, one can allow for ! 2/ 3

as low as 522 GeV, as shown in Fig. 29 by the solid brown curve, when considering the

λ⌧d coupling alone. This is, however, not applicable to the scenario when either λed or λµd

coupling is present , because of the severe constraints from e+ e− j j and µ+ µ− j j final states.

5.4 N SI predict ion

The LQs ! − 1/ 3 and χ− 1/ 3 in the model have couplings with neutrinos and down-quark

(cf. Eq. (5.1)), and therefore, induce NSI at t ree level as shown in Fig. 30 via either λ or

λ0 couplings. From Fig. 30, we can write down the effect ive four-fermion Lagrangian as

L =
λ?
↵dλβd

m2
!

(d̄R⌫βL )(⌫̄↵L dR ) +
λ0?
↵dλ

0
βd

m2
χ

(d̄L⌫βL )(⌫̄↵L dL )

= −
1

2

"
λ?
↵dλβd

m2
!

(d̄Rγ
µdR )(⌫̄↵L γµ⌫βL ) +

λ0?
↵dλ

0
βd

m2
χ

(d̄L γ
µdL )(⌫̄↵L γµ⌫βL )

#

, (5.46)

where we have used Fierz t ransformat ion in the second step. Comparing Eq. (5.46) with

Eq. (3.1), we obtain the NSI parameters

"d
↵β =

1

4
p

2 GF

 
λ?
↵dλβd

m2
!

+
λ0?
↵dλ

0
βd

m2
χ

!

. (5.47)
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Figure 31: Predict ions for diagonal NSI ("ee, "µµ , "⌧⌧) induced by doublet LQ in the

one-loop LQ model are shown by black dot ted contours. Color-shaded regions are excluded

by various theoret ical and experimental const raints. Yellow colored region is excluded by

perturbat ivity const raint on LQ coupling λ↵d [187]. Blue-shaded region is excluded by

LHC LQ searches (Fig. 29) in subfigure (a) by e+ jets channel (pair product ion for small

λed and single-product ion for large λed), in subfigure (b) by µ+ jets channel, and in sub-

figure (c) by ⌫+ jet channel. In (a), the red, brown and cyan-shaded regions are excluded

by the APV bound (cf. Eq. 5.18), HERA and LEP contact interact ion bounds (cf. Ta-

ble XVI) respect ively. In (b), the red line is the suggest ive limit from NuTeV [141]. In

(c), the red-shaded region is excluded by the global-fit constraint from neutrino oscilla-

t ion+ COHERENT data [61]. We also show the future DUNE sensit ivity in blue solid lines

for both 300 kt .MW.yr and 850 kt .MW.yr [66].
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Conclusion
• More conspicuous paths to new physics have 

remained stubbornly out of reach so far.

• Following the bread crumbs (i.e. looking for 
inspiration from anomalies) might lead us on the 
right path to new physics.  

• Lepton Flavor Universality Violation is a strong 
hint in that direction.

• Need coherent community effort, active theory-
experiment collaborations and open-access data 
to resolve the existing anomalies.

• Important to establish independent tests (at 
colliders and elsewhere). 

26


