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The search for Terra Incognita
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Low- vs high-energy data

Low-pT High-pT

Physics Briefing Book [1910.11775] 4/21

https://arxiv.org/abs/1910.11775


45

High-  flavor studiespT

qi

qj

lα

lβ

Idea: Take advantage of the large 
statistics at high-energy colliders

(Flavorful) New 
Physics?

TeV

MW

mb

mc

M → ℓν
M → M′￼ℓℓ

M → M′￼ℓν

M → ℓℓ

pp → ℓℓ
pp → ℓν

5/21



45

High-  flavor studiespT

qi

qj

lα

lβ

Idea: Take advantage of the large 
statistics at high-energy colliders
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pp → ℓℓ
pp → ℓν

• Same underlaying NP in different 
kinematical regimes

• Competitive limits at high-pT

• Future improvements at both frontiers
5/21



Strategy: Recast the latest lepton + MET and dilepton searches, and look for New Physics in the tails of the invariant 
mass distributions (where SM background is low)

6/21



s ≪ M2
W

M → ℓνM → M′￼ℓν

• Corrections to observables

∼ |1 + ϵVL
|2

e.g. D → τν

 |ϵcdτντ
VL

| ≲ 0.2

Example: 
ϵvL

v2
(q̄i

Lγμτaqj
L)(l̄α

Lγμτalβ
L)

W

SM NP

∝ |Vij |
2 s

M2
W

s − M2
W

− ϵVL

2di

uj

ℓ

ν

2
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pp → ℓν

• Corrections to observables

𝓛ij × |Vij |
2 × M2

W

s − ϵVL

2

𝓛ud̄+dū × |Vud |2 × ( M2
W

s )
2

u

d

W Background 
(valence quarks)

Signal 

 : Parton luminosityℒij

(heavy quarks)

Example: 
ϵvL

v2
(q̄i

Lγμτaqj
L)(l̄α

Lγμτalβ
L)

LHC is a five quark flavor collider

pp @ 13 TeV

Rij =
ℒui d

_
j
+ℒd j u_i

ℒu d
_ + ℒd u_

⨯
Vij2

Vud2

d u

d c

s u
s c

b c
b u
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pp → ℓν

• Corrections to observables

Example: 
ϵvL

v2
(q̄i

Lγμτaqj
L)(l̄α

Lγμτalβ
L)

PDF + CKM suppression

   for 𝒪(10−2) cs, cd

Energy enhancement
(s/M2

W)2 ∼ 𝒪(105) * Neglecting 

SM interference

2

tails

≲ 𝒪(0.1)
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pp → ℓνExample: 
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Back of the envelop estimates
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ℒCC = −
4GF

2
Vci [(1 + ϵαβi

VL
) (ℓ̄α

L γμ νβ
L)(c̄L γμ di

L) + ϵαβi
VR

(ℓ̄α
L γμ νβ

L)(c̄R γμ di
R) + ϵαβi

SL
(ℓ̄α

R νβ
L)(c̄R di

L)

+ ϵαβi
SR

(ℓ̄α
R νβ

L)(c̄L di
R) + ϵαβi

T (ℓ̄α
R σμν νβ

L)(c̄R σμν di
L)]

The SM + 5 New Physics Wilson coefficients for each transition (  NP parameters)90

EFT for  transitionsc → d(s)ℓν N.B.: Contributions from possible NP in  and  are 
small compared to the precision achieved in charm

GF Vci
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ℒCC = −
4GF

2
Vci [(1 + ϵαβi

VL
) (ℓ̄α

L γμ νβ
L)(c̄L γμ di

L) + ϵαβi
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(ℓ̄α
L γμ νβ

L)(c̄R γμ di
R) + ϵαβi

SL
(ℓ̄α

R νβ
L)(c̄R di

L)

+ ϵαβi
SR

(ℓ̄α
R νβ

L)(c̄L di
R) + ϵαβi

T (ℓ̄α
R σμν νβ

L)(c̄R σμν di
L)]

The SM + 5 New Physics Wilson coefficients for each transition (  NP parameters)90

Matching to the high-energy theory (SMEFT):

•  is not generated by 4-fermion operators ( no enhancement at high-  )ϵVR
pT

N.B.: Contributions from possible NP in  and  are 
small compared to the precision achieved in charm

GF Vci

• RGE-induced operator mixing: ϵαβi
SL

(2 GeV) ≈ 2.1 ϵαβi
SL

(TeV) − 0.3 ϵαβi
T (TeV)

𝒪φud = (φ̃† iDμ φ)(ūRγμdR) Lepton flavor universal

(  NP parameters)−16

EFT for  transitionsc → d(s)ℓν
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See JFM, Greljo, Martin Camalich, Ruiz-Alvarez ( 2003.12421 ) for the reste.g. c → s(d)τν

 decays vs high-  data: Charged currentsD(s) pT

BR(D → Pi ℓ̄ανα)
BRSM

= 1 + ϵαi
V

2

+2 Re [(1 + ϵαi
V )(xS ϵαi*

S + xT ϵαi*
T )]

+yS |ϵαi
S |2 + yT |ϵαi

T |2

BR(D+ → ēανα)
BRSM

= 1 − ϵαd
A +

m2
D

mα(mc + mu)
ϵαd

P

2

̂σ(s) =
G2

F |Vij |
2

18π
s[ δαβ m2

W

s
− ϵαβij

VL

2

+
3
4 ( |ϵαβij

SL
|2 + |ϵαβij

SR
|2 )

+4 |ϵαβij
T |2 ]

High-  LHC limits (  )pT pp → ℓν Low-energy limits
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See JFM, Greljo, Martin Camalich, Ruiz-Alvarez ( 2003.12421 ) for the reste.g. c → s(d)τν

 decays vs high-  data: Charged currentsD(s) pT

High-  LHC limits (  )pT pp → ℓν Low-energy limits

c → dτν

0.016

|ϵV,A | |ϵS,P |

0.031 0.007

|ϵT |

c → sτν

ATLAS + CMS 0.009 0.018 0.004

|ϵV,A | |ϵS,P | |ϵT |

ATLAS + CMS
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Phase-space suppression

mD − mτ ≈ 90 MeV

ℬ(Ds → τν) = (5.55 ± 0.24) %
|ϵA | ≲ 0.042 |ϵP | ≲ 0.024

ℬ(D → τν) = (1.20 ± 0.27) × 10−3

|ϵA | ≲ 0.24 |ϵP | ≲ 0.13

High-  beats low energy!pT
c

s, d τ

ν
* In all cases but ϵeℓi, μℓi

P

https://arxiv.org/abs/2003.12421


Combining  with low-energy flavor datapp → ℓν

δgci
L,R ≲ few × 10−2

ℒW ⊃
g

2
Vci (1 + δgci

L,R) c̄γμPL,R di W+
μ

Competitive with LEP and LHC on-shell W production!

∝ s
M2

W

s − M2
W

(1 + δgci
L,R) − ϵℓi

VL

2

No energy growing 
at large s

di

c

ℓ

ν

2

Strong constraints 
from high-pT

Complementarity between low energy and high-pT
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ℒNC =
4GF

2

α
4π

λc [ϵαβ
VLL

(ℓ̄α
L γμ ℓβ

L)(ūL γμ cL) + ϵαβ
VLR

(ℓ̄α
L γμ ℓβ

L)(ūR γμ cR) + ϵαβ
SLL

(ℓ̄α
R ℓβ

L)(ūR cL)

+ ϵαβ
SLR

(ℓ̄α
R ℓβ

L)(ūL cR)+ϵαβ
TL

(ℓ̄α
R σμν ℓβ

L)(ūR σμν cL) + (L ↔ R)]

SM short-distance extremely GIM suppressed 

Main SM contributions due to long-distance effects

EFT for rare  transitionsc → uℓℓ (′￼)

10 New Physics Wilson coefficients for each transition (  NP parameters)90
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(ℓ̄α
R σμν ℓβ

L)(ūR σμν cL) + (L ↔ R)]

SM short-distance extremely GIM suppressed 

Main SM contributions due to long-distance effects

EFT for rare  transitionsc → uℓℓ (′￼)

10 New Physics Wilson coefficients for each transition (  NP parameters)90

Matching to the high-energy theory (SMEFT):

• RGE-induced operator mixing: ϵαβi
SLL,RR

(2 GeV) ≈ 2.1 ϵαβi
SLL,RR

(TeV) − 0.5 ϵαβi
TL,R

(TeV)

• Some Wilson coefficient are absent:                           (  NP parameters)−18ϵαβ
SLR

= ϵαβ
SRL

= 0
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u

c

ℓ

ℓ
Again, high-  beats low energy!pT

Improvements limited by SM long-distance 
effects [except for  or SM null tests]D → ℓℓ

|ϵμμ
Vi

| ≲ 8, |ϵμμ
SLL,RR

| ≲ 0.4, |ϵμμ
TL,R

| ≲ 9

|ϵee
Vi

| ≲ 42, |ϵee
SLL,RR

| ≲ 1.5, |ϵee
TL,R

| ≲ 66

[Bause et al., 1909.11108][from ]D → πℓℓ, D → ℓℓ

, forbidden by phase space

(  )
D → ττ, τμ
mD − mτ ≈ 90 MeV

c → uμμ

c → uee 13

|ϵℓℓ
Vi

| |ϵℓℓ
SLL,RR

| |ϵℓℓ
TL,R

|

32 5.2
7 17 2.8

c → uττ 25 60 11

Limits will improve by a factor  with 
full HL-LHC statistics 

2 − 3

[assuming statistically dominated errors]

* Except for ϵee, μμ, eμ
SLL,RR

High-  LHC limits (  )pT pp → ℓℓ Low-energy limits

Rare D decays vs high-  data: Neutral currentspT

12/21

https://arxiv.org/abs/1909.11108


Most sensitive bin s ∼ [1,1.5] TeV

|ϵαβji
X | = |ϵαβuc

X |
λc

|VtiV*tj | Lij:cu

Lij:cu =
ℒdid̄j

+ ℒdjd̄i

ℒcū + ℒuc̄

ϵττsb
VLL

< 990 ϵττsb
VLL

< 420

|ϵαβds
X | ≈ 700 |ϵαβuc

X |
|ϵαβdb

X | ≈ 40 |ϵαβuc
X |

|ϵαβsb
X | ≈ 20 |ϵαβuc

X |

ℬ(B → Kττ) < 2.68 × 10−3 LHC data from  pp → ττ

Estimates on  and  rare transitions from PDF 
rescaling of  limits (similar signal acceptance)

ΔS = 1 ΔB = 1
ΔC = 1

e.g. b → sττ

Flavor rescaling

PDF rescaling

pp @ 13 TeV
Lij:cu=

ℒdi d
_
j
+ℒd j d

_
i

ℒc u_ + ℒu c_

u c

d s

d b

s b

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4
0.01

0.05

0.10

0.50

1

s [TeV]

Lij:cuLij:cu

Beyond charm decays: PDF rescaling
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The new-physics flavor problem

14/21

Low-pT High-pT

Physics Briefing Book [1910.11775] 



E

v ≈ 246 GeV

Λ3rd fam. ∼ 𝒪(TeV)

Λ2nd fam. ∼ 𝒪(102 TeV)

Λ1st fam. ∼ 𝒪(104 TeV)ℒSMEFT = ℒGauge + ℒHiggs + ℒYukawa + ∑
i,d

1
Λi

d−4 Ci 𝒪d
i

• The SM Yukawas are very different because they originate at separate 
scales!

• TeV-scale NP dominantly coupled to third family 
[ protection from flavor constraints ]

• Direct production of new states at the LHC is naturally more suppressed 
[ NP scale can be lower ]

Non-trivial UV imprints

1
Λ2

(ψiψj)2 M0 M0e.g. from

12

ℓ′￼

ℓ
ℓ′￼′￼

ℓ′￼′￼

[Barbieri, 2103.15635 
Bordone et al., 1712.01368 
Panico, Pomarol, 1603.06609 
Dvali, Shiftman, '00, …]

Multi-scale solution of  the flavor problem/puzzle

15/21

https://arxiv.org/abs/2103.15635
https://arxiv.org/abs/1712.01368
https://arxiv.org/abs/1603.06609
https://arxiv.org/abs/hep-ph/0001072


3rd family

1st & 2nd 

families

• Direct new physics couplings to 3rd family only

[Bordone, Cornella, JFM, Isidori 1712.01368, 1805.09328; Greljo, 
Stefanek, 1802.04274; Cornella, JFM, Isidori 1903.11517,...]

SU(4)3 × SU(3)1+2 × SU(2)L × U(1)X
SU(3)c × SU(2)L × U(1)Y

SU(3)c

U(1)Y

⟨Ω1,3,15⟩ ∼ 𝒪(TeV)
+ U1, G′￼, Z′￼

• CKM mixing and New Physics couplings to light 
families via (small) mixing with vectorlike fermions χ

U1
⟨Ωi⟩ ℓi

L, qi
L

bL, τL

H
⟨Ωi⟩

τR, bR

ℓi
L, qi

L
vectorlike fermions

i = 1,2

4321 breaking 
scalars

Third-family quark-lepton unification at the TeV scale

16/21
• Explanation of  anomaly and partially R(D(*)) b → sμ+μ−

https://arxiv.org/abs/1712.01368
https://arxiv.org/abs/1805.09328
https://arxiv.org/abs/1802.04274
https://arxiv.org/abs/1903.11517


CMS PAS EXO-19-016 EXOT-2022-39 17/21

∼ 3.1σ

Hunting the new heavy vectors

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-19-016
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2022-39/


Hunting the new heavy vectors

17/21CMS PAS EXO-19-016 EXOT-2022-39

∼ 3.1σ
∼ 1σ

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-19-016
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2022-39/


ℒG′￼
⊃ gG′￼

G′￼a μ (κij
q q̄i

L Ta γμ qj
L + κij

u ūi
R Ta γμ uj

R + κij
d d̄i

R Ta γμ dj
R)

G′￼ ∼ (8, 1,0)

gG′￼
≈ gU ≈ 3

(approx) flavor diagonal κ33
q,u,d = 1 κ11

u,d = κ22
u,d = −

g2
s

g2
G′￼

κ11
q = κ22

q = s2
Q −

g2
s

g2
G′￼

Valence quark 
production dominates

Recast of dijet & ditop searches 

—broad  resonance pp → jj

—  distributiondσ/dmtt
[CMS-PAS-TOP-18-013, 
1801.02052, 1911.03947]

Hunting the new heavy vectors

[Cornella et al., 2103.16558] 17/21

https://arxiv.org/abs/2103.16558


∼ ΔR2
D* M2

L ⟹ ML ∼ TeV

[di Luzio, et al 1808.00942; Cornella, JFM, 
Isidori 1903.11517; JFM et al., 2009.11296]

U1 U1

b

s

s

b

E

E

4321 vectorlike fermions   χL,R = (Q L)T

Q ∼ (3, 2,1/6)

L ∼ (1, 2, − 1/2)

Q = (U
D)

L = (N
E)

vectorlike leptons cannot be too heavy!
[ analogously to the charm in the SM ]

Hunting 4321 vectorlike fermions at high-pT

18/21

In the SM…

W W
d

s

s

d

c

c
∼ G2

F m2
c

https://arxiv.org/abs/1808.00942
https://arxiv.org/abs/1903.11517
https://arxiv.org/abs/2009.11296


∼ ΔR2
D* M2

L ⟹ ML ∼ TeV

[di Luzio, et al 1808.00942; Cornella, JFM, 
Isidori 1903.11517; JFM et al., 2009.11296]

U1 U1

b

s

s

b

E

E

4321 vectorlike fermions   χL,R = (Q L)T

Q ∼ (3, 2,1/6)

L ∼ (1, 2, − 1/2)

Q = (U
D)

L = (N
E)

vectorlike leptons cannot be too heavy!

Interesting signature at LHC: heavy leptons decaying into multiple 3rd generation fermions!

Z′￼

[ analogously to the charm in the SM ]

Hunting 4321 vectorlike fermions at high-pT

18/21

https://arxiv.org/abs/1808.00942
https://arxiv.org/abs/1903.11517
https://arxiv.org/abs/2009.11296


E+, N

E−, N

E
+
E

−

New search for pair produced heavy lepton doublet decaying into 3rd generation fermions

EW production EW +  productionZ′￼

Hunting 4321 vectorlike fermions at high-pT

19/21



CMS analysis shows a sensitivity in the same ballpark of 
the model expectations 

Limits assume EW production only and will become more 
stringent once we include -assisted productionZ′￼

Hunting 4321 vectorlike fermions at high-pT

20/21
CMS PAS B2G-21-004

∼ 2.8σ

https://inspirehep.net/files/a95bed9d919bf65a8093210b2a9a88ba


High-  tailspTMeson decays

• Non-resonant high-  searches offer an alternative flavor probe 
(PDF suppression can be compensated by the energy growing)

pT

• NP in (semi)leptonic charm decays scrutinized by high-  Drell-Yan data 
(and in other (semi)leptonic decays as well, e.g. )

pT

b → sττ

• Interesting complementarity between charm physics and high-  (e.g. W vertex corrections)pT

Conclusions

• High-  searches are also particularly interesting to constraint and discriminate specific flavor models/ideaspT

21/21



Thank you



Backup



Interplay between low and high energy: CC
monolepton 
LHC data

Charm LFC

Charm LFV

JFM et al. 2003.12421 

https://arxiv.org/abs/2003.12421


NP mediator masses below the EFT validity range

• Unlikely for charged currents (direct searches on pair produced mediators), 
possible in neutral current (e.g.  could avoid direct searches)Z′￼

  vs  (dim 6)2 SM × dim 8

̂σ(s) =
G2

F |Vci |
2

18π
s [ m4

W

s2
− 2 (m2

W

s
Re(ϵ(6)

VL
) +

m2
W

M2
NP

Re(ϵ(8)
VL

)) + |ϵ(6)
VL

|2 ] + 𝒪 ( 1
M6

NP )

• Even when the EFT validity is not guaranteed, limits offer relevant information in a 
larger kinematical regime [s-channel (resonant) vs t/u-channel (good estimate)]

•  typically subdominant if  (as expected with tree-level mediators),  since  
by assumption
SM × dim 8 ϵ(6)

VL
≈ ϵ(8)

VL
s < M2

NP

• Not a problem for LFV or neutral currents (SM extremely GIM suppressed)

Possible caveats to the high-  constraintspT


