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Higgs FLV & CPV Vempati & Vryonidou

Vempati:  

Moriond 2025, La Thiule μ ℒ τ
Ajamieh, Kumbhakar, Sarkar, Vempati, to appear

Direct limits from LHC better than indirect ones from lepton decays  ! 

|Yτμ |

HL-LHC
h → τμ
τ → μγ
τ → 3μ EDMμ

Allow for FLV 
Higgs couplings  

Updated constraints 

+ FLV Di-Higgs:

Moriond 2025, La Thiule 
Flavour Violating Di Higgs Couplings 

Next-Minimal-FV Choice of Basis 

Small backreaction. 
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Low energy deviations from SM Couplings 
Inspired by 


Chang and Luty JHEP 2020

Equivalent to SM Yukawas  
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➜ Rich set of low-energy consequences: 
, , , muonium osc, … 

,  

B and K osc., , … 

ℓ′￼ → ℓℓℓ ℓ′￼ → ℓγ μ → e
h → τℓ Z → ℓ′￼ℓ

RK
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Standard Model

Effective Field Theory

UV physics (heavy particles)Energy

Λ

Effective Field Theory reveals high energy physics through precise 
measurements at low energy.

LSM (�) + Ldim6(�) + . . .

LSM (�)

LNP (�,Z
0, X,Q, S . . . ){new

Effective Field Theory 
Vryonidou: CPV in Higgs sector with SMEFT 

E.Vryonidou Moriond QCD 4

CP-violation in the top-Higgs sector

Yukawa operator Dipole operators

Bosonic operators

V=γ, Z, W, g
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CP-violation in the top-Higgs sector

Yukawa operator Dipole operators

Bosonic operators

V=γ, Z, W, g

V = γ, Z, W, g

Diboson Yukawa

Dipole Operators

➜ Comprehensive study of CPV effects in , , 
 (@NLO), loop-induced  

 and  complementary for top Yukawa 

Angular obs. crucial for CPV gauge-Higgs couplings

tt̄H tHq
VH gg → hh, hZ, WW, ZZ

tt̄H tHq
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 & : finite HH H + jet mt
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Results — Differential Distribution
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→ both HEFT results agree with SM 
HEFT results can be  
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Uncertainties due to top-mass scheme not taken into account here,  
but should be included in detailed study!

κMS

κOS − 0.8 at large pT,H
[Bonciani et.al. 22]

mt → ∞
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at high pT,H

Kerner: want to distinguish BSM from top loops in   

But inclusive  only sensitive to sum  

 NLO H+jet with full mt

gg → H

σgg→H (ct + κg)2

⟹
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Introduction
Higgs production in Gluon Fusion via top-quark loop or BSM particle Q

t, Q?

anomalous couplings on the Higgs+jet cross section and transverse momentum dis-

tributions, based on a calculation of the full NLO QCD corrections in the SM [21].

Working in HEFT rather than Standard Model E↵ective Field Theory (SMEFT) [62–

65], our power counting scheme is not based on canonical dimension counting, i.e. the

counting of inverse powers of a new physics scale ⇤, but instead on the counting of

the chiral dimension d�, which is related to the (explicit or implicit) loop order L

through d� = 2L + 2. The chromomagnetic top-quark dipole operator has chiral di-

mension d� = 4 and therefore is considered to be subleading, as explained in Section 2.

Thus the inclusion of chromomagnetic dipole operators will be considered in subse-

quent work, together with other subleading operators entering at the same level, such

as four-fermion operators.

The structure of this paper is as follows: In Section 2 we describe how the anomalous

couplings relate to inclusive Higgs production and how they a↵ect the large-pT spectrum

of the Higgs boson. We also give some technical details about the calculation. Section 3

is dedicated to the description of phenomenological results, providing heat maps that

show the e↵ects of the anomalous couplings on the total cross section and discussing

the e↵ect of some HEFT benchmark points on the Higgs boson transverse momentum

spectrum, before we conclude in Section 4.

2 Description of the method

2.1 Framework of the calculation

We include anomalous couplings based on the e↵ective Lagrangian

L � �ct mt

H

v
t̄t +

↵s

8⇡
cg

H

v
G

a

µ⌫
G

a,µ⌫
. (2.1)

In the SM, ct = 1 and cg = 0. We assume that the anomalous couplings are induced

by new physics interactions at a scale ⇤ considerably larger than the electroweak scale.

While the process pp ! H+jet is loop induced in the SM, the second part of the

Lagrangian now also introduces e↵ective tree level interactions. The factor proportional

to ↵s/8⇡ indicates that these interactions are stemming from loops of heavy particles

that have been integrated out to arrive at the e↵ective Higgs-gluon coupling. In the

region 2mt .
p

ŝ . ⇤ the top quark loops are resolved while the heavier particles

in the loop generate the e↵ective point-like Higgs-gluon interaction. The coe�cient

ct is a modification factor of the top Yukawa coupling, which can arise for example

by mixing with heavy top partners [4, 66]. The chromomagnetic top-quark dipole

operator Otg = ytgst̄L�
µ⌫

T
a
G

a

µ⌫
(v + H)tR can only be generated through contracted

loops [65, 67, 68] in weakly coupled, renormalisable UV completions and we stick to

– 3 –

contributions of heavy particle  
can be integrated out 

effective coupling of Higgs to gluons 

Can we distinguish contributions of top quark from BSM particles?

such extensions of the SM. Therefore, inserting the operator into the one-loop diagrams

that constitute the LO in the SM, the resulting diagrams are e↵ectively of two-loop

order (chiral dimension d� = 6), thus coming with a loop suppression factor ⇠ 1/(16⇡2).

The operator Ohg, mediating direct Higgs-gluon couplings, also pertains to the class of

loop-generated operators. However, insertions of Ohg enter at tree-level and therefore

have chiral dimension d� = 4. The SM NLO QCD corrections also lead to two-loop

diagrams and therefore come with a loop factor 1/(16⇡2) relative to the LO diagrams.

However, the SM two-loop QCD diagrams come with an extra factor g
2
s
= 4⇡↵s relative

to the Born diagrams, while the chromomagnetic dipole operator comes with an extra

factor ytgs. As we only calculate the QCD corrections, which are of order O(↵s)

relative to the Born amplitude, we neglect the two-loop corrections stemming from the

chromomagnetic top-quark dipole operator in the present work. This is in line with the

procedure followed in Ref. [69] for the QCD corrections to Higgs boson pair production.

Furthermore, we do not include any 4-quark operators nor CP-violating operators.

The matrix element squared for each partonic subprocess can be written as [5]

|M|
2

/ |ct Mf (mt) + g MHg(mt)|
2
, (2.2)

where Mf denotes the parts of the amplitude where the Higgs boson couples to a top

quark, and MHg the amplitude parts containing an e↵ective point-like Higgs-gluon

interaction. Note that the NLO amplitude can also contain both, a top quark loop and

a point-like Higgs-gluon interaction. However, in these diagrams the top quarks couple

only to gluons, with an SM coupling. We use g =
3
2cg such that the HTL corresponds

to g ! 1 and ct = 0. The total cross section for pp ! H + jet can be written as a

quadratic polynomial in ct and cg , both at LO and at NLO.

Integrating over the jet momenta, the total inclusive cross section for Higgs boson

production in gluon fusion should be retrieved. As is well known, due to the “Higgs

Low Energy Theorem” [70–72], the total cross section for Higgs production in gluon

fusion is rather insensitive to the masses of heavy particles circulating in the loop.

This is also reflected in the fact that, at energy scales below 2mt, the inclusive Higgs

production cross section is approximated very well by the HTL. An extra high-pT jet

can serve as a handle to resolve heavy quark loops, therefore new physics e↵ects could

show up in the tail of the Higgs pT -distribution.

From the Lagrangian (2.1) one obtains for the inclusive Higgs production cross section

at LO (see Ref. [4]):

�incl(ct, g)

�
SM

incl

= (ct + g)
2 + O(

g

ct + g

m
2
H

4m2
t

) . (2.3)

– 4 –

→ only combination ( ) can be well constrained by incl. Higgs production 
→ need to probe Higgs production at large  to measure  and 

ct + κg

pT ct κg

As the measured total Higgs production cross section in gluon fusion agrees very well

with the SM result, the relation (ct + g)2 = 1 should be fulfilled to about 10% level,

assuming that subleading operators do not have a drastic e↵ect, which would lead to

more freedom in the relation between ct and g. In the pure HTL, the proportionality

of the cross section to (ct+g)2 is fulfilled exactly, also for the NLO amplitudes, because

there are no diagrams at NLO which contain both ct and cg simultaneously, such that

the HTL of the full SM NLO amplitudes gives exactly the amplitudes proportional

to g. This degeneracy is broken in the Higgs boson transverse momentum spectrum

because as pT,H increases, the top quark loops start to become resolved and therefore

the kinematic behaviour of the contribution proportional to ct is di↵erent from the one

in the HTL for large values of pT,H . On the other hand, as the di↵erential cross section

decreases rapidly with pT,H , the e↵ects of anomalous couplings on the total cross section

should be small as long as the relation (ct + g)2 = 1 is fulfilled. Therefore it is useful

to consider the cross section for pp ! H + jet as a function of the cut on pT,H [4, 5]:

�Hj(pmin
T,H

, ct, g)

�
SM
Hj

(pmin
T,H

)
= (ct + g)

2 + �1(p
min
T,H

) ct g + �2(p
min
T,H

)
2
g

, (2.4)

where the coe�cients �i depend on the cut p
min
T,H

. For small pmin
T,H

the coe�cients �i at LO

are very small, modifying the cross section in the permille to percent range below pT,H ⇠

350 GeV [4]. However, recent LHC measurements have reached transverse momentum

regions beyond 600 GeV [49, 51, 53, 73]. Furthermore, the study of Refs. [4, 5] was

at LO only, and the one of Refs. [13–15] is based on the HTL when going beyond LO.

In Section 3 we will investigate how the anomalous couplings modify the large-pT,H

spectrum at NLO with full top quark mass dependence.

2.2 Technical details

The cross section for pp ! H+jet consists of gg, qg, q̄g and qq̄ initiated subprocesses.

The calculation largely relies on the corresponding setup for the SM case, described in

Ref. [21].

Leading order amplitudes

The LO amplitudes in the full theory as well as the amplitudes involving cg were

implemented analytically, relying on Ref. [19], while the one-loop real radiation con-

tribution and the two-loop virtual amplitudes rely on semi-numerical evaluations. As

a cross-check we also generated the Born amplitudes with GoSam [74, 75] using the

UFO [76, 77] model described in Ref. [69], finding agreement between the two imple-

mentations at amplitude and cross section level. Example diagrams contributing at

Born level are shown in Fig. 1.

– 5 –

Need calculation of Higgs+jet production, retaining full dependence  
    NLO QCD corrections required to obtain reliable results 

mt
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quadratic polynomial in ct and cg , both at LO and at NLO.

Integrating over the jet momenta, the total inclusive cross section for Higgs boson

production in gluon fusion should be retrieved. As is well known, due to the “Higgs

Low Energy Theorem” [70–72], the total cross section for Higgs production in gluon

fusion is rather insensitive to the masses of heavy particles circulating in the loop.

This is also reflected in the fact that, at energy scales below 2mt, the inclusive Higgs

production cross section is approximated very well by the HTL. An extra high-pT jet

can serve as a handle to resolve heavy quark loops, therefore new physics e↵ects could

show up in the tail of the Higgs pT -distribution.

From the Lagrangian (2.1) one obtains for the inclusive Higgs production cross section

at LO (see Ref. [4]):

�incl(ct, g)

�
SM

incl

= (ct + g)
2 + O(

g

ct + g

m
2
H

4m2
t

) . (2.3)
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→ need to probe Higgs production at large  to measure  and 
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pT ct κg

As the measured total Higgs production cross section in gluon fusion agrees very well

with the SM result, the relation (ct + g)2 = 1 should be fulfilled to about 10% level,

assuming that subleading operators do not have a drastic e↵ect, which would lead to

more freedom in the relation between ct and g. In the pure HTL, the proportionality

of the cross section to (ct+g)2 is fulfilled exactly, also for the NLO amplitudes, because

there are no diagrams at NLO which contain both ct and cg simultaneously, such that

the HTL of the full SM NLO amplitudes gives exactly the amplitudes proportional

to g. This degeneracy is broken in the Higgs boson transverse momentum spectrum

because as pT,H increases, the top quark loops start to become resolved and therefore

the kinematic behaviour of the contribution proportional to ct is di↵erent from the one

in the HTL for large values of pT,H . On the other hand, as the di↵erential cross section

decreases rapidly with pT,H , the e↵ects of anomalous couplings on the total cross section

should be small as long as the relation (ct + g)2 = 1 is fulfilled. Therefore it is useful

to consider the cross section for pp ! H + jet as a function of the cut on pT,H [4, 5]:

�Hj(pmin
T,H

, ct, g)

�
SM
Hj

(pmin
T,H

)
= (ct + g)

2 + �1(p
min
T,H

) ct g + �2(p
min
T,H

)
2
g

, (2.4)

where the coe�cients �i depend on the cut p
min
T,H

. For small pmin
T,H

the coe�cients �i at LO

are very small, modifying the cross section in the permille to percent range below pT,H ⇠

350 GeV [4]. However, recent LHC measurements have reached transverse momentum

regions beyond 600 GeV [49, 51, 53, 73]. Furthermore, the study of Refs. [4, 5] was

at LO only, and the one of Refs. [13–15] is based on the HTL when going beyond LO.

In Section 3 we will investigate how the anomalous couplings modify the large-pT,H

spectrum at NLO with full top quark mass dependence.

2.2 Technical details

The cross section for pp ! H+jet consists of gg, qg, q̄g and qq̄ initiated subprocesses.

The calculation largely relies on the corresponding setup for the SM case, described in

Ref. [21].

Leading order amplitudes

The LO amplitudes in the full theory as well as the amplitudes involving cg were

implemented analytically, relying on Ref. [19], while the one-loop real radiation con-

tribution and the two-loop virtual amplitudes rely on semi-numerical evaluations. As

a cross-check we also generated the Born amplitudes with GoSam [74, 75] using the

UFO [76, 77] model described in Ref. [69], finding agreement between the two imple-

mentations at amplitude and cross section level. Example diagrams contributing at

Born level are shown in Fig. 1.
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anomalous couplings on the Higgs+jet cross section and transverse momentum dis-

tributions, based on a calculation of the full NLO QCD corrections in the SM [21].

Working in HEFT rather than Standard Model E↵ective Field Theory (SMEFT) [62–

65], our power counting scheme is not based on canonical dimension counting, i.e. the

counting of inverse powers of a new physics scale ⇤, but instead on the counting of

the chiral dimension d�, which is related to the (explicit or implicit) loop order L

through d� = 2L + 2. The chromomagnetic top-quark dipole operator has chiral di-

mension d� = 4 and therefore is considered to be subleading, as explained in Section 2.

Thus the inclusion of chromomagnetic dipole operators will be considered in subse-

quent work, together with other subleading operators entering at the same level, such

as four-fermion operators.

The structure of this paper is as follows: In Section 2 we describe how the anomalous

couplings relate to inclusive Higgs production and how they a↵ect the large-pT spectrum

of the Higgs boson. We also give some technical details about the calculation. Section 3

is dedicated to the description of phenomenological results, providing heat maps that

show the e↵ects of the anomalous couplings on the total cross section and discussing

the e↵ect of some HEFT benchmark points on the Higgs boson transverse momentum

spectrum, before we conclude in Section 4.

2 Description of the method

2.1 Framework of the calculation

We include anomalous couplings based on the e↵ective Lagrangian

L � �ct mt

H

v
t̄t +

↵s

8⇡
cg

H

v
G

a

µ⌫
G

a,µ⌫
. (2.1)

In the SM, ct = 1 and cg = 0. We assume that the anomalous couplings are induced

by new physics interactions at a scale ⇤ considerably larger than the electroweak scale.

While the process pp ! H+jet is loop induced in the SM, the second part of the

Lagrangian now also introduces e↵ective tree level interactions. The factor proportional

to ↵s/8⇡ indicates that these interactions are stemming from loops of heavy particles

that have been integrated out to arrive at the e↵ective Higgs-gluon coupling. In the

region 2mt .
p

ŝ . ⇤ the top quark loops are resolved while the heavier particles

in the loop generate the e↵ective point-like Higgs-gluon interaction. The coe�cient

ct is a modification factor of the top Yukawa coupling, which can arise for example

by mixing with heavy top partners [4, 66]. The chromomagnetic top-quark dipole

operator Otg = ytgst̄L�
µ⌫

T
a
G

a

µ⌫
(v + H)tR can only be generated through contracted

loops [65, 67, 68] in weakly coupled, renormalisable UV completions and we stick to
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such extensions of the SM. Therefore, inserting the operator into the one-loop diagrams

that constitute the LO in the SM, the resulting diagrams are e↵ectively of two-loop

order (chiral dimension d� = 6), thus coming with a loop suppression factor ⇠ 1/(16⇡2).

The operator Ohg, mediating direct Higgs-gluon couplings, also pertains to the class of

loop-generated operators. However, insertions of Ohg enter at tree-level and therefore

have chiral dimension d� = 4. The SM NLO QCD corrections also lead to two-loop

diagrams and therefore come with a loop factor 1/(16⇡2) relative to the LO diagrams.

However, the SM two-loop QCD diagrams come with an extra factor g
2
s
= 4⇡↵s relative

to the Born diagrams, while the chromomagnetic dipole operator comes with an extra

factor ytgs. As we only calculate the QCD corrections, which are of order O(↵s)

relative to the Born amplitude, we neglect the two-loop corrections stemming from the

chromomagnetic top-quark dipole operator in the present work. This is in line with the

procedure followed in Ref. [69] for the QCD corrections to Higgs boson pair production.

Furthermore, we do not include any 4-quark operators nor CP-violating operators.

The matrix element squared for each partonic subprocess can be written as [5]

|M|
2

/ |ct Mf (mt) + g MHg(mt)|
2
, (2.2)

where Mf denotes the parts of the amplitude where the Higgs boson couples to a top

quark, and MHg the amplitude parts containing an e↵ective point-like Higgs-gluon

interaction. Note that the NLO amplitude can also contain both, a top quark loop and

a point-like Higgs-gluon interaction. However, in these diagrams the top quarks couple

only to gluons, with an SM coupling. We use g =
3
2cg such that the HTL corresponds

to g ! 1 and ct = 0. The total cross section for pp ! H + jet can be written as a

quadratic polynomial in ct and cg , both at LO and at NLO.

Integrating over the jet momenta, the total inclusive cross section for Higgs boson

production in gluon fusion should be retrieved. As is well known, due to the “Higgs

Low Energy Theorem” [70–72], the total cross section for Higgs production in gluon

fusion is rather insensitive to the masses of heavy particles circulating in the loop.

This is also reflected in the fact that, at energy scales below 2mt, the inclusive Higgs

production cross section is approximated very well by the HTL. An extra high-pT jet

can serve as a handle to resolve heavy quark loops, therefore new physics e↵ects could

show up in the tail of the Higgs pT -distribution.

From the Lagrangian (2.1) one obtains for the inclusive Higgs production cross section

at LO (see Ref. [4]):

�incl(ct, g)

�
SM

incl

= (ct + g)
2 + O(

g

ct + g

m
2
H

4m2
t

) . (2.3)
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→ need to probe Higgs production at large  to measure  and 

ct + κg

pT ct κg

As the measured total Higgs production cross section in gluon fusion agrees very well

with the SM result, the relation (ct + g)2 = 1 should be fulfilled to about 10% level,

assuming that subleading operators do not have a drastic e↵ect, which would lead to

more freedom in the relation between ct and g. In the pure HTL, the proportionality

of the cross section to (ct+g)2 is fulfilled exactly, also for the NLO amplitudes, because

there are no diagrams at NLO which contain both ct and cg simultaneously, such that

the HTL of the full SM NLO amplitudes gives exactly the amplitudes proportional

to g. This degeneracy is broken in the Higgs boson transverse momentum spectrum

because as pT,H increases, the top quark loops start to become resolved and therefore

the kinematic behaviour of the contribution proportional to ct is di↵erent from the one

in the HTL for large values of pT,H . On the other hand, as the di↵erential cross section

decreases rapidly with pT,H , the e↵ects of anomalous couplings on the total cross section

should be small as long as the relation (ct + g)2 = 1 is fulfilled. Therefore it is useful

to consider the cross section for pp ! H + jet as a function of the cut on pT,H [4, 5]:

�Hj(pmin
T,H

, ct, g)

�
SM
Hj

(pmin
T,H

)
= (ct + g)

2 + �1(p
min
T,H

) ct g + �2(p
min
T,H

)
2
g

, (2.4)

where the coe�cients �i depend on the cut p
min
T,H

. For small pmin
T,H

the coe�cients �i at LO

are very small, modifying the cross section in the permille to percent range below pT,H ⇠

350 GeV [4]. However, recent LHC measurements have reached transverse momentum

regions beyond 600 GeV [49, 51, 53, 73]. Furthermore, the study of Refs. [4, 5] was

at LO only, and the one of Refs. [13–15] is based on the HTL when going beyond LO.

In Section 3 we will investigate how the anomalous couplings modify the large-pT,H

spectrum at NLO with full top quark mass dependence.

2.2 Technical details

The cross section for pp ! H+jet consists of gg, qg, q̄g and qq̄ initiated subprocesses.

The calculation largely relies on the corresponding setup for the SM case, described in

Ref. [21].

Leading order amplitudes

The LO amplitudes in the full theory as well as the amplitudes involving cg were

implemented analytically, relying on Ref. [19], while the one-loop real radiation con-

tribution and the two-loop virtual amplitudes rely on semi-numerical evaluations. As

a cross-check we also generated the Born amplitudes with GoSam [74, 75] using the

UFO [76, 77] model described in Ref. [69], finding agreement between the two imple-

mentations at amplitude and cross section level. Example diagrams contributing at

Born level are shown in Fig. 1.
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anomalous couplings on the Higgs+jet cross section and transverse momentum dis-

tributions, based on a calculation of the full NLO QCD corrections in the SM [21].

Working in HEFT rather than Standard Model E↵ective Field Theory (SMEFT) [62–

65], our power counting scheme is not based on canonical dimension counting, i.e. the

counting of inverse powers of a new physics scale ⇤, but instead on the counting of

the chiral dimension d�, which is related to the (explicit or implicit) loop order L

through d� = 2L + 2. The chromomagnetic top-quark dipole operator has chiral di-

mension d� = 4 and therefore is considered to be subleading, as explained in Section 2.

Thus the inclusion of chromomagnetic dipole operators will be considered in subse-

quent work, together with other subleading operators entering at the same level, such

as four-fermion operators.

The structure of this paper is as follows: In Section 2 we describe how the anomalous

couplings relate to inclusive Higgs production and how they a↵ect the large-pT spectrum

of the Higgs boson. We also give some technical details about the calculation. Section 3

is dedicated to the description of phenomenological results, providing heat maps that

show the e↵ects of the anomalous couplings on the total cross section and discussing

the e↵ect of some HEFT benchmark points on the Higgs boson transverse momentum

spectrum, before we conclude in Section 4.

2 Description of the method

2.1 Framework of the calculation

We include anomalous couplings based on the e↵ective Lagrangian

L � �ct mt

H

v
t̄t +

↵s

8⇡
cg

H

v
G

a

µ⌫
G

a,µ⌫
. (2.1)

In the SM, ct = 1 and cg = 0. We assume that the anomalous couplings are induced

by new physics interactions at a scale ⇤ considerably larger than the electroweak scale.

While the process pp ! H+jet is loop induced in the SM, the second part of the

Lagrangian now also introduces e↵ective tree level interactions. The factor proportional

to ↵s/8⇡ indicates that these interactions are stemming from loops of heavy particles

that have been integrated out to arrive at the e↵ective Higgs-gluon coupling. In the

region 2mt .
p

ŝ . ⇤ the top quark loops are resolved while the heavier particles

in the loop generate the e↵ective point-like Higgs-gluon interaction. The coe�cient

ct is a modification factor of the top Yukawa coupling, which can arise for example

by mixing with heavy top partners [4, 66]. The chromomagnetic top-quark dipole

operator Otg = ytgst̄L�
µ⌫

T
a
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µ⌫
(v + H)tR can only be generated through contracted

loops [65, 67, 68] in weakly coupled, renormalisable UV completions and we stick to
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such extensions of the SM. Therefore, inserting the operator into the one-loop diagrams

that constitute the LO in the SM, the resulting diagrams are e↵ectively of two-loop

order (chiral dimension d� = 6), thus coming with a loop suppression factor ⇠ 1/(16⇡2).

The operator Ohg, mediating direct Higgs-gluon couplings, also pertains to the class of

loop-generated operators. However, insertions of Ohg enter at tree-level and therefore

have chiral dimension d� = 4. The SM NLO QCD corrections also lead to two-loop

diagrams and therefore come with a loop factor 1/(16⇡2) relative to the LO diagrams.

However, the SM two-loop QCD diagrams come with an extra factor g
2
s
= 4⇡↵s relative

to the Born diagrams, while the chromomagnetic dipole operator comes with an extra

factor ytgs. As we only calculate the QCD corrections, which are of order O(↵s)

relative to the Born amplitude, we neglect the two-loop corrections stemming from the

chromomagnetic top-quark dipole operator in the present work. This is in line with the

procedure followed in Ref. [69] for the QCD corrections to Higgs boson pair production.

Furthermore, we do not include any 4-quark operators nor CP-violating operators.

The matrix element squared for each partonic subprocess can be written as [5]

|M|
2

/ |ct Mf (mt) + g MHg(mt)|
2
, (2.2)

where Mf denotes the parts of the amplitude where the Higgs boson couples to a top

quark, and MHg the amplitude parts containing an e↵ective point-like Higgs-gluon

interaction. Note that the NLO amplitude can also contain both, a top quark loop and

a point-like Higgs-gluon interaction. However, in these diagrams the top quarks couple

only to gluons, with an SM coupling. We use g =
3
2cg such that the HTL corresponds

to g ! 1 and ct = 0. The total cross section for pp ! H + jet can be written as a

quadratic polynomial in ct and cg , both at LO and at NLO.

Integrating over the jet momenta, the total inclusive cross section for Higgs boson

production in gluon fusion should be retrieved. As is well known, due to the “Higgs

Low Energy Theorem” [70–72], the total cross section for Higgs production in gluon

fusion is rather insensitive to the masses of heavy particles circulating in the loop.

This is also reflected in the fact that, at energy scales below 2mt, the inclusive Higgs

production cross section is approximated very well by the HTL. An extra high-pT jet

can serve as a handle to resolve heavy quark loops, therefore new physics e↵ects could

show up in the tail of the Higgs pT -distribution.

From the Lagrangian (2.1) one obtains for the inclusive Higgs production cross section

at LO (see Ref. [4]):
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As the measured total Higgs production cross section in gluon fusion agrees very well

with the SM result, the relation (ct + g)2 = 1 should be fulfilled to about 10% level,

assuming that subleading operators do not have a drastic e↵ect, which would lead to

more freedom in the relation between ct and g. In the pure HTL, the proportionality

of the cross section to (ct+g)2 is fulfilled exactly, also for the NLO amplitudes, because

there are no diagrams at NLO which contain both ct and cg simultaneously, such that

the HTL of the full SM NLO amplitudes gives exactly the amplitudes proportional

to g. This degeneracy is broken in the Higgs boson transverse momentum spectrum

because as pT,H increases, the top quark loops start to become resolved and therefore

the kinematic behaviour of the contribution proportional to ct is di↵erent from the one

in the HTL for large values of pT,H . On the other hand, as the di↵erential cross section

decreases rapidly with pT,H , the e↵ects of anomalous couplings on the total cross section

should be small as long as the relation (ct + g)2 = 1 is fulfilled. Therefore it is useful

to consider the cross section for pp ! H + jet as a function of the cut on pT,H [4, 5]:
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where the coe�cients �i depend on the cut p
min
T,H

. For small pmin
T,H

the coe�cients �i at LO

are very small, modifying the cross section in the permille to percent range below pT,H ⇠

350 GeV [4]. However, recent LHC measurements have reached transverse momentum

regions beyond 600 GeV [49, 51, 53, 73]. Furthermore, the study of Refs. [4, 5] was

at LO only, and the one of Refs. [13–15] is based on the HTL when going beyond LO.

In Section 3 we will investigate how the anomalous couplings modify the large-pT,H

spectrum at NLO with full top quark mass dependence.

2.2 Technical details

The cross section for pp ! H+jet consists of gg, qg, q̄g and qq̄ initiated subprocesses.

The calculation largely relies on the corresponding setup for the SM case, described in

Ref. [21].

Leading order amplitudes

The LO amplitudes in the full theory as well as the amplitudes involving cg were

implemented analytically, relying on Ref. [19], while the one-loop real radiation con-

tribution and the two-loop virtual amplitudes rely on semi-numerical evaluations. As

a cross-check we also generated the Born amplitudes with GoSam [74, 75] using the

UFO [76, 77] model described in Ref. [69], finding agreement between the two imple-

mentations at amplitude and cross section level. Example diagrams contributing at

Born level are shown in Fig. 1.
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Diphoton production at hadron colliders:
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● background for BSM signals;

● large perturbative corrections;

● systematics of photon isolation; direct
single- or double- 
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Prompt photons
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 with photon 

isolation

not directly applicable in perturbative calculations without fragmentation contribution

Marcoli: 

EXP done with photon isolation 
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pp → γγ + jet at NNLO + gg loop @ (N)LO
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Bump/Dip 
behaviour bump

         dip

An observation

ISR LHC

Observation: dip-
bump structure of 

 appears 
to be universal 
between ISR & LHC 
energies

dσelastic/dt

Praszalowicz: elastic pp

Identifying Real and 
Imaginary parts

Use rapidity:                        observe                               and expand

As a result, one gets:

parameter free prediction!y = ln(s)

1 Introduction

Measurements of elastic scattering at hadron colliders give unique experimental access to non-perturbative
dynamics, which cannot be calculated from first principles. Of particular importance are the total hadronic
cross section, 𝐿tot, and the ratio of the real part to the imaginary part of the elastic-scattering amplitude
(𝑀-parameter), which probes Coulomb–nuclear interference (CNI). These observables are related by
dispersion relations derived from foundational unitarity and analyticity arguments for scattering amplitudes.
Dispersion relations connect the 𝑀-parameter at a certain energy to the energy evolution of 𝐿tot both below
and above this energy. The 𝑀-parameter at the LHC energy has recently received significant interest
because of a measurement at

→
𝑁 = 13 TeV by the TOTEM experiment [1] which measured a lower value

of the 𝑀-parameter than would be expected assuming a ln2
𝑁 rise of the total cross section, 𝑁 being the

centre-of-mass energy squared.

The 𝑀-parameter is sensitive not only to the high-energy evolution of the total hadronic cross section but
also to the fundamental structure of the elastic-scattering amplitude. Traditionally, the elastic-scattering
amplitude at energies well above 100 GeV has been thought to be dominated by an exchange of Pomerons
in the 𝑂-channel (see e.g. Ref. [2]). In QCD the Pomeron is represented by a two-gluon colourless state
with spin–parity–charge quantum numbers JPC = 0++. The additional possible presence of a three-gluon
colourless state with JPC = 1↑↑, the so-called Odderon, can also influence the value of the 𝑀-parameter.
Thus, measurements of the 𝑀-parameter at the highest energy of the LHC are essential.

The 𝑀-parameter is defined as the ratio of the real part to the imaginary part of the elastic-scattering
amplitude in the limit 𝑂 ↓ 0, i.e.

𝑀 =
Re[ 𝑃el(𝑂)]
Im[ 𝑃el(𝑂)]

!!!!
𝐿↓0

,

where 𝑃el(𝑂) is the elastic-scattering amplitude and where 𝑂 stands for the four-momentum transfer in the
reaction.

Normally, the 𝑀-parameter is determined by measuring the di!erential elastic cross section at such small
values of |𝑂 | that the amplitude is sensitive both to the Coulomb amplitude and the strong amplitude, and
thus also to the interference between the two. The phase of the Coulomb amplitude is known, and therefore
the value of 𝑀 can be extracted from the measured size of the interference term.

The ATLAS experiment has previously measured elastic scattering at 7 and 8 TeV [3, 4] using the ATLAS
Roman Pot system ALFA [5]. However, those measurements did not extend to the region of very small
|𝑂 |-values where the di!erential cross section is sensitive to the 𝑀-parameter. Such small |𝑂 |-values require
measurements of angles in the microradian range, which in turn need even smaller divergence of the
beam at the interaction point (IP). Moreover, they require that the vertically movable Roman Pot detectors
approach to within millimetres of the beam.

This paper presents a new measurement using 𝑄𝑄 collision data at
→
𝑁 = 13 TeV, corresponding to an

integrated luminosity of 340 ωb↑1. For the first time, the ATLAS measurement is extended, by an order of
magnitude lower in ↑𝑂, to such small scattering angles that the Coulomb interaction starts to play a role.
Here, the di!erential elastic cross section is measured down to ↑𝑂 = 2.5 · 10↑4 GeV2. The acceptance for
elastic events is very small for such low values of |𝑂 | and if an acceptance greater than 10% is required, the

3

Geom. scaling + crossing

[GeV2]



Theory Summary — Peter SkandsMoriond QCD 2025 7

N3LO Pelloni & Hekhorn

Pelloni: 4-loop gg splitting functions

Splitting functions evolution

The PDFs and splitting functions can be decomposed into flavour non-singlet (ns) and
singlet quantities.
I Flavour non-singlet PDFs

q±
ns(x, µ2) =

�
fi ± f̄i

�
�

�
fj ± f̄j

�
, i, j = u,d, s

I Flavour singlet PDFs

q±
s (x, µ2) =

X

i=u,d,s
(fi(x, µ2) + f̄i(x, µ

2))

g(x, µ2) = fg(x, µ2)

Here we focus on the evolution of the singlet quark and gluon distributions,

d
d lnµ2

0

BB@

qs

g

1

CCA =

0

BBB@

Pqq Pqg

Pgq Pgg

1

CCCA
⌦

0

BB@

qs

g

1

CCA
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➜ Mellin space: anomalous dimensions ∑i αi
s γ(i−1)

ggPgg Approximation
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the perturbative expansion of the splitting
functions Pgg to N3LO for nf = 4 and

↵s = 0.2, using the approximated P(3)
gg for

the four-loop contribution

the resulting N2LO and N3LO convolutions
with the reference gluon distribution in eq.
(18) normalized to the NLO result which

changes sign at about x = 0.03
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Gluon PDF scale dependence
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N3LO contributions to the scale derivative of the gluon PDF

xqs(x, µ 2
0 )= 0.6 x�0.3(1� x)3.5

�
1 + 5.0 x 0.8 � ,

xg(x, µ 2
0 )= 1.6 x�0.3(1� x)4.5

�
1� 0.6 x 0.3 �

�µr ġ ⌘
max [ ġ(x, µ 2

r = �µ 2
f )] � min [ ġ(x, µ 2

r = �µ 2
f )]

2| average [ ġ(x, µ 2
r = �µ 2

f )] |
, � =

1

4
. . . 4
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Scale Variation
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Pgg Approximation
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Allows also to make prediction on the N > 20 with relative errors given by the error bands:

��
(3)
gg (N=22) = 23990.457275 (20)

nf = 3

, 6396.872080 (20)

nf = 4

, -8123.349380 (20)

nf = 5

NEW !

AP. Falcioni,Herzog,Moch,Vogt (2024b)
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Denominato
r 
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ges s
ign

OPE approach  N ≤ 20 Mellin moments of ⇒ P(3)
gg

+ partial information on N ≥ 22

Hekhorn: aN3LO PDFs & Higgs Cross Sections 

gg → h: PDF ratios

↭ PDF4LHC
↭ Combination@NNLO

ω = 46.49 pb
↭ Combination@N3LO
↭ NNPDF4.0
↭ MSHT20

error bars:
↭ inner: PDF unc.
↭ outer: PDF unc. + MHOU

9

QED

QED

QED

QED

MSHTNNPDFCOMBNNLOPD
F4

LH
C

How to compute theory predictions?

ω(Q2) = C(Q2)E(5)(Q2 → m2
b)A(4)(m2

b)E(4)(m2
b → Q20)f(4)(Q20)

with:

↭ C: coe!cient function / partonic cross section
↭ E: evolution kernel operator ↑ splitting functions P / anomalous dimensions ε

↭ A: operator matrix elements

3

Partonic dσ 5-flav Evolution Operator ME 4-flav Evolution PDF at Q0

Summary

ωggF = 44.86± 0.90pdf pb (pure QCD)
ωggF = 44.20± 0.75pdf pb (QCD+QED).

↭ N3LO evolution is completed
↭ N3LO cross sections are a long term project - meanwhile we use MHOU
↭ aN3LO PDF have signi!cant impact on gg → h
↭ QED e"ects should be considered

11

NB: N3LO cross sections are a long term project …↭ N
↭ N
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Perturbative Uncertainties
Gocke (Mon): main uncertainties in top are ISR + FSR + “recoil” uncertainties (even with MiNNLOPS), 
JES (sens. to hadrochemistry), UE, and b-tagging 

Grohsjean (Mon): main uncertainties for toponium : bb4l (offsh, tt & tW int), FSR modelling ηt

Poncelet (+ EXP speakers)

 03.04.25 Moriond Rene Poncelet – IFJ PAN Krakow 3

Uncertainties in precision phenomenology

Experiments are getting more precise m theory uncertainties matter!

Sources of theory uncertainties:
- parametric (values of coupling parameters etc.)
m variation of parameters within their uncertainties

- parton distribution functions (PDFs)
m different error propagation methods (fit parameter, replicas,...)

- non-perturbative parameters in Monte Carlo simulations.
m needs data constraints by definition. Problematic if dominant effect...

- missing higher orders in fixed-order and resummed predictions (MHOU)
m tricky because we are trying to estimate the unknown….

[Credit: SHERPA]Poncelet (Thu):

 03.04.25 Moriond Rene Poncelet – IFJ PAN Krakow 8

Introducing theory nuisance parameters (TNPs)
[Tackman 2411.18606]

Generic perturbative expansion:

Introduce a parametrisation of
unknown coefficients in terms of

”Theory nuisance parameters”

Key features
- The parametrization such that there is a true value: 
- Distributions of     “known” (for example from already existing computations) 
- “Expert knowledge” to construct such a parametrisation

 03.04.25 Moriond Rene Poncelet – IFJ PAN Krakow 8

Introducing theory nuisance parameters (TNPs)
[Tackman 2411.18606]

Generic perturbative expansion:

Introduce a parametrisation of
unknown coefficients in terms of

”Theory nuisance parameters”

Key features
- The parametrization such that there is a true value: 
- Distributions of     “known” (for example from already existing computations) 
- “Expert knowledge” to construct such a parametrisation

 03.04.25 Moriond Rene Poncelet – IFJ PAN Krakow 11

TNP approach for fixed-order computations

Use some knowledge about lower orders but introduce parametric dependence:

[Lim, Poncelet, 2412.14910]

Observation, i.e. “expert knowledge”: 

Bernstein: Chebyshev:

Approximation of original TNP philosophy
m there is only

m mapped kinematic variable

E.g., Bernstein or Chebyshev polynomials

 03.04.25 Moriond Rene Poncelet – IFJ PAN Krakow 13

Uncertainties from TNPs - ZZ

pp
→

ZZ
*

→
ee

μμ

TNP (quad)

Scale var.

pT(ee)TNP (quad)

Scale var.pT(ee)

m(eμ)

m(eμ)

LO
NLO

NNLO
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Fixed Orders & Logs
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NNLL

N3LL

LL
αsL2

α2
s L3

αsLα2
s L2

α2
s L

Generic observable scale     
 (for  = 100 GeV; e.g., Drell-Yan pT, or jet veto scale)
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QBorn
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α3
s L2

NLL

α3
s L4α3

s L3

α0
s

α1
s

α2
s

α4
s L5α3

s L Beyond NNLO

Target accuracy at NNLO

—— NNLO 
- - - Beyond NNLO

Resummation extends 
domain of validity of 

perturbative calculations

Becher: In processes involving disparate scales , higher-order corrections are enhanced by large 
logarithms , which can spoil fixed-order truncation. (Max log power  depends on problem.)

Qi ≫ Qj
αn

s lnm(Qi/Qj) m ≤ 2n

Example: 
NNLO
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Shower Logs Ferrario Ravasio

Moriond QCD 2025Silvia Ferrario Ravasio

y
ln kt /Q

y
➤Correct  rate for a single soft, large angle, emissionβ2

s

[The PANSCALES collaboration, 
2406.02661]

➤Correct  rate for a single collinear emissionβ2
s

➤Correct  rate for a single soft-collinear emissionβ3
s

βs(kt)
α (1 + βs(kt)

2α
(K1+ΛK) + β2

s (kt)
4α2 (K2 + ΛK2))

Analytic results from: 
Banfi, El-Menoufi, Monni 1807.11487

REMOVE SPURIOUS  
CORRECTIONS INDUCED 
BY THE SHOWER

β3
s

≫(β3
s L2)

X

Absent for 
soft-coll ems

➤NLO matching 

How to build a NNLL parton shower?

➤Correct  rate of neighbouring pairs of soft-collinear emissionsβ2
s

11

How to build an NNLL accurate parton shower

Moriond QCD 2025Silvia Ferrario Ravasio

Agreement to 
data 

substantially 
better when 
using NNLL 

showers

12

[The PANSCALES 
collaboration, 
2406.02661]
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How to build a NNLL parton shower?
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βs(kt)
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P(z)(1 + βs(kt)
2α
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Analytic results from: 
Dasgupta, El-Menoufi  2109.07496,  
+van Beekveld, Helliwell, Monni 
2307.15734, ++Karlberg 2402.05170  

REMOVE SPURIOUS  
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BY THE SHOWER
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➤Correct  rate of neighbouring pairs of soft-collinear emissionsβ2
s
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➜ PanScales v0.3 
(+ Pythia 8 Hadronization)
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Gaps between jets Schalch & Becher

Next ➜ Gitlab  
➜ LHC pheno

Schalch: resummation of non-global logs 

Nicolas Schalch, 04.04.25 – p.15/18

Validation: (N)LL resummation interjet energy flow

� Gap fraction: fraction of events with
transverse energy ET in gap below Q0

R(Q0) ⌘
1

�tot

Z Q0

0

dET
d�

dET

nothing

ET

↵

.

Nicolas Schalch, 04.04.25 – p.15/18

Validation: (N)LL resummation interjet energy flow

� Gap fraction: fraction of events with
transverse energy ET in gap below Q0

R(Q0) ⌘
1

�tot

Z Q0

0

dET
d�

dET

nothing

ET

↵

.

 agreement with GNOLE, PANSCALES𝒪(1%)
Nicolas Schalch, 04.04.25 – p.15/18

Validation: (N)LL resummation interjet energy flow

� Gap fraction: fraction of events with
transverse energy ET in gap below Q0

R(Q0) ⌘
1

�tot

Z Q0

0

dET
d�

dET

nothing

ET

↵

.

Resummation of non-global logs challenging 

Solve complicated RGE equation ➜ MC methods 
➜ shower-style evolution algorithm MARZILI 

Careful insertion of  (RR  RV  VV) ➜ NLLΓ(2) ⊕ ⊕

Becher: first   resummation of super-leading logarithms 
Gap between dijets at LHC

• First full SLL cross section  

• > 10% for small values of  

• Biggest contribution from gluonic 
channels 

• Need to combine with NGLs (at 
Nc=3!) before comparing to ATLAS 

• Some interference terms only 1/Nc

Q0

15

TB, Hager, Martinelli, Neubert, Schwienbacher, Stillger ’25 

Figure 1: Definition of the gap region (gray) between the jets with radius R in the
rapidity and azimuthal plane used here and in the ATLAS analysis in [22].

with j = 2, 3, 4 and nk restricted to be inside the gap region. For fixed jet radius R, we
assume that the rapidity gap �Y is wide enough for the jets not to leak out on both sides
(|�Y | > R) and not to overlap (

p
|�Y |2 + ⇡2 > 2R). We then obtain

J12 ⌘ J2 = |�Y |�
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2
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(2.9)

Note that the leading correction to J3 and J4 is linear in R and not quadratic, as one would
have naively expected. All higher-order terms contain only odd powers of R, but their
numerical impact is negligible for R < 1.

The Born-level partonic cross sections in (2.5) are given by
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where µh ⇠
p
ŝ. The tilde indicates the “unintegrated” hard functions, i.e. the hard-

scattering amplitudes squared, which we need at lowest order in perturbation theory only.
The resummed SLL contributions to the partonic cross sections can be expressed as a linear
combination of eleven color structures Xi under the color trace with the hard functions,
with coe�cients depending on the scales µh and µs [24, 25]. The result can be written in
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⌦ eH4(µh)1
↵
, (2.10)

where µh ⇠
p
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combination of eleven color structures Xi under the color trace with the hard functions,
with coe�cients depending on the scales µh and µs [24, 25]. The result can be written in

4
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Factorization Restoration Neubert

Relevant graphs feature a soft gluon emission into the gap, a 
space-like collinear splitting, and a virtual gluon exchange:

Factorization expresses separation of scales 

PDF Factorization: long-distance physics contained 
in universal PDFs ➤ used for all LHC processes — but 
only proved for (inclusive) Drell-Yan [CSS] 

Relies on collinear factorization. Valid for timelike 
splittings. Broken for spacelike ones. How bad is it? 

Moriond QCD & High Energy Interactions — April 4, 2025Matthias Neubert  — 8

STRUCTURE OF THE FACTORIZATION THEOREM ?

Do jet cross sections factorize?

hard scale Q → ⊗s

jet-veto scale Q0

hadronic scale ∼QCD

double-logarithmic evolution 
(super-leading logs) & non-
DGLAP *) collinear evolution

single-logarithmic PDF evolution 
OR: double-logarithmic evolution below 
Q0 and breaking of PDF factorization?

OR: something more complicated, e.g. 
a combined two-proton distribution?

Hm
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2a. State-of-the-art and objectives

With the discovery of the Higgs boson in 2012, the Large Hadron Collider (LHC) at CERN has
revealed the mechanism underlying electroweak symmetry breaking, a key feature of the Standard
Model (SM) of elementary-particle physics. At the same time, the LHC should guide us to resolve
some of the pressing questions left unanswered by the SM. The existence of dark matter and the
abundance of matter over antimatter in the universe are among the phenomena that can only be
explained postulating the existence of “new physics” in the form of new particles and interactions.
In April 2022, the LHC has continued its high-luminosity run, 12 years after the first protons were
collided. In the absence of any direct discoveries of new physics, and in light of some intriguing indirect
hints for the existence of heavy new particles from precision measurements of the anomalous magnetic
moment of the muon [1] and some rare decay processes of B mesons [2], the question poses itself:
Which strategy should one take to fully exploit the discovery potential of the high-luminosity LHC?
I argue in this proposal that precision is the key! Indirect signals of new physics might be hiding
“right under our noses”, but we are limited in our ability to discover them due to present theoretical
uncertainties. In searches for new phenomena, the SM background processes must be controlled with
highest possible accuracy. Thus, we need to significantly improve our ability to calculate the cross
sections for important LHC processes, both in the SM and in extensions featuring new particles.

Scattering processes in which jets – highly collimated sets of energetic particles – are produced
are the most important class of observables studied in high-energy processes, because they closely
mirror the underlying hard-scattering event. They are thus well suited to study short-distance
physics and play an important role in the search for new phenomena. However, the rates for jet
production at hadron colliders are also among the most complicated observables to calculate the-
oretically. Traditionally, cross sections for hadron-collider processes are calculated using pertur-
bative expansions in powers of the strong coupling ↵s along with QCD factorization theorems ,
which relate the hadronic cross sections to partonic cross sections convoluted with parton distri-
bution functions. There has been impressive recent progress on the front of fixed-order perturbative
calculations, where an increasing number of inclusive observables have been computed at next-to-
next-to-next-to-leading order (NNNLO) of perturbation theory [3–16]. For exclusive (or non-global)
observables such as jet cross sections, in which a veto is imposed on radiation in a region away
from the jets, the state-of-the-art is NNLO, see e.g. [17]. Despite these advances, for non-global
observables we are still lacking an understanding of even the leading logarithmically enhanced cor-
rections in higher orders of perturbation theory. Starting from four-loop order, double-logarithmic
corrections arise – the super-leading logarithms (SLLs) [18] – whose structure is still largely unknown.

p

p

Figure 1: Diagrammatic representation of
two Glauber-gluon exchanges (red) between the
initial-state partons in a proton-proton collision.
Collinear gluons moving along the beam directions
are drawn in blue, soft gluons emitted into the gap
are shown in green.

One might think that these e↵ects are numerically
very small, because they only arise in higher orders,
but I argue that they can naturally be of the same or-
der as a one-loop correction. It is then imperative to
study these e↵ects in detail and add the corresponding
corrections to existing fixed-order calculations. The
SLLs are caused by a subtle quantum e↵ect: the ex-
change of two Coulomb gluons (or Glauber gluons) be-
tween the two initial-state partons in the scattering
process, see Figure 1. This leads to a breakdown of
color coherence, the fact the sum of soft-gluon emis-
sion o↵ two collinear partons has the same e↵ect as
a single soft emission o↵ the parent parton. Color
coherence, however, is the basis for proofs of QCD
factorization theorems, which underly the theoretical
calculation of all LHC cross sections. The physics that
gives rise to the SLLs therefore leads to a breaking of

1

� ⇠

X

m

Hm ⌦W
pert
m ⌦ fa/p ⌦ fb/p

<latexit sha1_base64="GKF3+Q7VYpacvHtXoINAqt7mddU="></latexit>

*) Dokshitzer—Gribov—Lipatov—Altarelli—Parisi
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REGION ANALYSIS OF 3-LOOP DIAGRAMS

Do jet cross sections factorize?

▸ Relevant graphs feature a soft gluon emission into the gap, a space-like 
collinear splitting, and a virtual gluon exchange:

[Becher, Hager, Jaskiewicz, MN, Schwienbacher (2024) 
Phys. Rev. Lett. 134 (2025) 6, 061901]

collinear emission

soft emission
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Proof that factorization works at 3-loop order
Moriond QCD & High Energy Interactions — April 4, 2025Matthias Neubert  — 14

“FACTORIZATION RESTORATION” THROUGH GLAUBER GLUONS

Do jet cross sections factorize?

x

=

Collinear factorization violation 
at γ → Q

Soft-collinear factorization violation 
by Glauber gluons at γ → Q0

PDF factorization restored for γ < Q0

Factorization restoration through Glauber gluons:
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 from hard processesαs Pires, Benitez

Benitez:  from Heavy Jet Mas            in  

Historically: low values. Significant HAD corrs.

αs Z → hadrons
The HJM distribution
• HJM defined as


• Experimental Distribution at Q = mZ
Hemisphere jet invariant masses

Dijet-Trijet 
Perturbative

[Clavelli 1979] [Chandramohan, Clavelli 1981] [Clavelli, Wyler 1981]

Tail Region fits

Miguel Benitez - Rencontres de Moriond - 2025, 30 March – 06 April 2025                                                                                                                                           7
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Sophisticated treatment of 
EXP and TH correlations, 
& impact of fit range

Multijet: 
FO

SCET di- and 
tri-jet w leading 

power corr & 
shoulder 

resummation.

Summary
• Provided comprehensive analysis of available data on HJM


• Innovations include


Improved treatments of dijet/OPE and trijet/shoulder region


Inclusion of theory correlations during fitting


Careful attention to the range of data used for fitting


• Found fits are minimally sensitive to fit range when including 
resummation, in contrast to fixed-order perturbation theory 
(essentially linear dependence on lower bound)


• Found evidence for negative power correction in tail of 
distribution only if Sudakov shoulder resummation is included 


• Our extracted value is


    

     perfectly compatible with Thrust and C-parameter results

Dijet-Trijet 
Perturbative

Miguel Benitez - Rencontres de Moriond - 2025, 30 March – 06 April 2025                                                                                                                                         15

Compatible with T, C ✅

Pires: NNLO  from dijets at LHC and HERA 

Sensitivity from cross section   @ LO & PDFs 

Used: NNLOJET w reduced scale dependence 

+ SLC contributions for the first time for LHC  

Central scales:  & 

αs

∝ α2
s

αs

μ2
LHC = m2

jj μ2
HERA = Q2 + ⟨pT⟩2

1,2

+ Test of RGE running for 7 GeV <  < 7 TeV μ

⍺S AT THE SCALE OF MZ

➤ Excellent consistency with world average

⍺s main result (“LHC dijet”):

➤ Uses all 5 LHC dijet datasets 

➤ With CMS 13 TeV 2D (reaches higher values of mjj 
and smaller sensitivity to PDF parameters c.f. 3D)

➤ ⍺s determination including HERA+LHC

⍺s using HERA dijets represents the first NNLO 
determination using only DIS dijet production from 
both H1 and ZEUS

26

Main Result: “LHC dijets”:

LHC + HERA

⍺S AT THE SCALE OF MZ

➤ Excellent consistency with world average

⍺s main result (“LHC dijet”):

➤ Uses all 5 LHC dijet datasets 

➤ With CMS 13 TeV 2D (reaches higher values of mjj 
and smaller sensitivity to PDF parameters c.f. 3D)

➤ ⍺s determination including HERA+LHC

⍺s using HERA dijets represents the first NNLO 
determination using only DIS dijet production from 
both H1 and ZEUS

26
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 from B and D decaysαs Che, Wu

3[1] 10.1103/PhysRevD.81.032003 
[2] 10.1016/j.physletb.2021.136679

Inclusive semi-leptonic  decayB
• Heavy Quark Expansion (HQE)

•

•

• : perturbative correction, expanded as a series in ,

• ：higher-order power 

corrections, including non-perturbative parameters

Γ (B → Xcαμ̄α) = Γ0 [C0−Cτℓ

τ2
ℓ

2m2
b

+ CτG

τ2
G

2m2
b

+ …]
Γ0 ≡ G2

F |Vcb |2 m5
b Aew

192ℓ3

C0 νs

C0 = c0 + c1
νs

ℓ
+ c2 ( νs

ℓ )
2

+ c3 ( νs

ℓ )
3

+ 𝒪(ν4
s )

−Cτℓ

τ2
ℓ

2m2
b

+ CτG

τ2
G

2m2
b

+ …

• Under HQE,  was used to fit:[1,2]

• CKM elements: 

• Quark masses: 

• HQE parameters: , , etc.

with  fixed at the world average.

• Is it possible to extract  from inclusive 

1. constrain other parameters using independent determinations,

2. or perform simultaneously fit?

B → Xcαμ̄α

|Vcb |

mb, mc

τ2
ℓ τ2

G

νs

νs B → Xcαμ̄α

• Γ (B → Xcαμ̄α) = Γ0 [C0−Cτℓ

τ2
ℓ

2m2
b

+ CτG

τ2
G

2m2
b

+ …]

4[1] https://doi.org/10.1103/PhysRevD.78.114015  
[2] https://doi.org/10.1103/PhysRevD.104.016003

Leading order power correction

•

• : calculated to 4th order, depending on .[1,2]

• Reform :

• in  scheme (transformed from the calculation in OS 
scheme.)

• at scale 

• as a function of ,  & 

C0 = c0 + c1
νs

ℓ
+ c2 ( νs

ℓ )
2

+ c3 ( νs

ℓ )
3

+ ≡(ν4
s )

ci mb, mc

C0

MS

τ = 5 GeV

mb(5 GeV) mc(5 GeV) νs(5 GeV)

mb(mb)
mc(mc)

mb(5 GeV)
mc(5 GeV)

νs(5 GeV)
Discrete sampling: 0.16, 

0.17, 0.18, 0.19, …

PDG

C0

Γ0Evolve to 5 GeV

• External input (fixed parameters): 

• ,  at PDG world averages

• Floating variable: 

•  in perturbative expansion +  evolution.

mb(mb) mc(mc)

νs mb, mc

Che:  from inclusive semileptonic B decays 

HQE:

αs

Get |Vcb|, quark masses from other measurements  (+ vary)

7[1] https://doi.org/10.1103/PhysRevD.78.114015  
[2] https://doi.org/10.1103/PhysRevD.104.016003

Uncertainties
• The uncertainty from  , B life-time and branching ratios:  error 

propagation.

• The errors induced by the uncertainties on the input values of  
and : 

• Estimated by floating them within their errors and taking the largest 
 deviations.

• The uncertainty due to the remnant renormalization scale dependence:

• estimated by varying the RG-scale  from 2.5 GeV to 10 GeV, and 
taking the largest deviations conservatively ( ).

• The uncertainty of non-perturbative terms:

• Truncation error: sub-leading terms of  and , ~ 0.2%

• Error from HQE parameters , , : ~ 0.5% 

|Vcb |

mb(mb)
mc(mc)

Γsl

α
±4.4 %

Cαμ
CαG

αμ αG mkin
b

3 4 5 6 7 8 9 10
0.26

0.28

0.30

0.32

0.34

0.36

0.38

μ[GeV]

Γ
(μ
)[

1
.2

1
7
2
6
*1

0
-
1
3
G

e
V
]

LO

NLO

N2LO

N3LO

The scale dependence of the fixed-order 
results in  for  in 

, using on-shell results in 
Ref.[1-2]

MS Γ(b → cτℓτ)
α − [2.5,10] GeV

(+ indirect sensitivity (?) from running quark masses)

Wu:  from inclusive semileptonic D decays 

Understand impact of spectator quark in 
semileptonic D decays 

Different BRs and lifetimes:

αs

Competitive 
 

possible?
Δαs(MZ) = 0.0018

7

• The inclusive semi-leptonic decay widths ( ) are close for  and ,ℒSL D0 D±

- It indicates the impact of spectator quarks is similar in  and , and may be 
negligible in SL.

D± D0

 Experimental measurements

• Except the  in the inclusive semi-leptonic decays, what do we have from 
experiments?

ℒSL

ℒSL, Di
= 6.582 ∂ 10−25 ′ BrSL(Di Γ Xeαe)

ψDi

GeV

• the  of  meson using the mean lifetime 
( ) and branching ratio of inclusive semi-
leptonic decay ( ).

ℒSL Di
ψDi

BrSL

• The inclusive semi-leptonic decay width ( ) could help us to further check the 
impact of spectator quark.

ℒSL

Same   spectator impact isospin 
symmetric in semileptonic decays?

ΓSL ⇒

13

• The results of different charmed mesons,

• The profile contours of ,


- The consistence among different D mesons,


- The strong correlation between  and ,


- New observables are needed to reduce the 
correlation.

αS(m2
c ) VS mc

mc αS(m2
c )

 Extraction of αS
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 from latticeαs Petreczky

Review of Flavour Lattice Averaging Group (FLAG 2024) 

Overview of  determinations: 

• Determination using physical quantities 

• Comparison with lattice perturbation theory 

• Lattice QCD in “femto boxes” and special schemes

αs

12

FLAG Summary

12

FLAG Summary

4

Overview of different strong coupling constant determinations  
• Determination using physical quantities: heavy quark potential,  moments of
heavy quark current correlation functions, vacuum polarization (light quark current
 correlators) : conceptually the same as experimental determinations 

• Comparison of lattice quantities with lattice perturbation theory: small Wilson loops

Window problem: Syst. errors dominate

Limited by accuracy of  lattice perturbation theory

• Determinations using lattice QCD calculations in femto boxes and special schemes:
step-scaling with Schrödinger functional (SF) scheme, decoupling method
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Reasonable resolution for big box Cannot go higher than this
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Overview of different strong coupling constant determinations  
• Determination using physical quantities: heavy quark potential,  moments of
heavy quark current correlation functions, vacuum polarization (light quark current
 correlators) : conceptually the same as experimental determinations 

• Comparison of lattice quantities with lattice perturbation theory: small Wilson loops

Window problem: Syst. errors dominate

Limited by accuracy of  lattice perturbation theory

• Determinations using lattice QCD calculations in femto boxes and special schemes:
step-scaling with Schrödinger functional (SF) scheme, decoupling method

“Femto box”

Connect calculations for L  1 fm to physical 
calculations using “step scaling”

≪
αs(MZ)
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PDFs from lattice

The natural ab-initio method to study QCD    
non-perturbatively is on the lattice. But ... 

PDFs  expectation values of bilocal operators 
evaluated along light-like lines. 

Cannot evaluate this on a Euclidean setup  
➜ Traditional lattice studies were limited to first 
few (three) Mellin moments of a local ME.

≡

Take-home: Lattice can by now provide ab-initio PDF 
determinations without theoretical obstructions

The pertinent systematics in PDF extraction

Parton distribution functions or distribution amplitudes may be defined in

lattice QCD by inverting the quasi-Fourier transform of a certain class of

hadronic position-space matrix elements

One example are the Io↵e-time PDFs, MR, related to the physical PDF

qv(x, µ2
) via the integral relation

MR(⌫, µ
2
) ⌘

Z 1

0
dx cos(⌫x) qv(x, µ

2
)

Only a handful

of lattice data

Cosine not or-

thogonal in [0,1]

Karpie, Orginos, Rothkopf, S.Z. JHEP 1904 (2019) 057

Savvas Zafeiropoulos HadStruc Collaboration Lattice studies of PDFs 14/28

Gluon PDF

Khan, Sufian, Karpie, Monahan, Egerer, Joo, Morris, Orginos, Radyushkin, Richards, Romero and S.Z. Phys.Rev.D

104 (2021) 9, 094516 Unpolarized gluon PDF (cyan band) extracted from our lattice
data using the 2-param (Q) model. We compare our results to gluon PDFs
extracted from global fits to experimental data, CT18, NNPDF3.1, and
JAM20. Normalization of the gluon PDF using the gluon momentum fraction
hxiMS

g (µ = 2GeV)=0.427(92) from Alexandrou et al Phys.Rev.D 101 (2020) 9, 094513 . On
the L/RHS the same distributions with di↵erent scales for x g(x) to enhance
the view of the large-x region.

Savvas Zafeiropoulos HadStruc Collaboration Lattice studies of PDFs 20/28

Also: can get helicity & transversity PDFs

“Ioffe Time PDFs

Zafeiropoulos

Breakthrough (Ji 2013): put quarks some 
distance apart. Then boost them to heck ➜ 
almost lightlike separation (in proton frame).  

➜ Use perturbative matching from finite to 
infinite momentum (and deal with divergencies)
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Inclusive  b → sμ+μ−

E. Lunghi Moriond QCD 2025/1718

Inclusive : executive summaryb → sℓℓ
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AS/GSSS

CFFPSV (PDD)

HMMN

SM

• Up to power corrections the inclusive 
rate is free of hadronic uncertainties:

−[B → Xsμμ] = −[b → Xsμμ] + O ( Λ2
QCD

m2
b

, ≃)

• Exclusive  subject to potentially 
large and uncontrolled power corrections

b → sℓℓ • The OPE breaks down at large  
but not for the ratio:

q2 = m2
ℓℓ

∼(q2
0) =

∫ m2
b

q2
0

dq2 d−(B̄ → Xsμ+μ′)
dq2

∫ m2
b

q2
0

dq2 d−(B̄0 → Xuμϕ)
dq2

• LHCb has already measured enough 
high-  modes to reconstruct the BR:q2

⇒[ > 15]LHCb = (2.65 ± 0.17) ≡ 10′7

• LHCb should produce a proper 
combination of these modes taking 
into account correlations and for 
q2 > 14.4 GeV2

• Using diaerential Belle semileptonic 
data the high-  and the theory 
prediction for :

q2

∼
⇒[ > 15]SM+Belle = (4.10 ± 0.81) ≡ 10′7

• Inclusive modes are currently in 
agreement with data

• Future LHCb + Belle II data can 
confirm the exclusive anomalies at 
5  if central values do not change:ψ
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Hadronic Transitions & Form Factors
Mishra:  FFs from LCSRB → K

d’Ambrosio:   
Dominated by long distances 

LC  Sum of 1-meson poles  

 VMD-like ansatz for 

K → πℓ+ℓ−

⇒
⇒ γ*
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(1
/p

N
)

Witten ’79 Large N QCD

Section 3

• Meson are free, stable, non-interacting, the 
number of states infinite


• Meson decay amplitudes


• One meson exchange leading (see two point 
function with J bilinear)
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Witten ’79 Large N QCD

Section 3

• Meson are free, stable, non-interacting, the 
number of states infinite


• Meson decay amplitudes


• One meson exchange leading (see two point 
function with J bilinear)
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O(1/
p

N)

Gubernari: improving FF parametrisations 

Conventional approach: BGL  
 divergent series in presence of branch cuts  

Problem for , ,  
(Also: truncation error meaningless) 

Analytic structure suggests an alternative parm: 

⇒
B → K B → D(*) Λb → Λ

Traditional approach: BGL

Perform the conformal mapping

𝑧 𝑞2 =
𝑠+ − 𝑞2 − 𝑠+

𝑠+ − 𝑞2 + 𝑠+
 

expand FFs for 𝑧 < 1 as

ℱ(𝑧) =
1

𝜙 𝑧
෍
𝑛=0

∞

𝑎𝑛𝑧𝑛

obtain a bound on the coefficients

න
𝒔+

∞
𝑑𝑞2 | det 𝐽 | 𝜙 𝑞2 ℱ 𝑞2 2 < 𝜒 ⟹  ෍

𝑛=0

∞

𝑎𝑛
2 < 𝜒

Problem! series is divergent due to the branch cut in 𝒔𝚪

6

𝑧 map

𝑠+𝑠Γ ∞
Im 𝑞2

Re 𝑞2

Re 𝑧

Im 𝑧

[Boyd/Grinstein/Lebed 1994 and 1997]
Our approach: GG

Just a reminder: 𝑠+ = 𝑚𝐵 + 𝑚𝐾
2 , 𝑠Γ = 𝑚𝐵𝑠 + 𝑚𝜋

2

Modify the conformal mapping (𝑠+ ↦ 𝑠Γ)

Ƹ𝑧 𝑞2 =
𝑠Γ − 𝑞2 − 𝑠Γ

𝑠Γ − 𝑞2 + 𝑠Γ

expand FFs for Ƹ𝑧 < 1 (no singularities now!) as

ℱ( Ƹ𝑧) =
1

𝜙 Ƹ𝑧
෍
𝑛=0

∞

𝑏𝑛 Ƹ𝑧𝑛

however

න
𝒔+

∞
𝑑𝑞2 | det 𝐽 | 𝜙 𝑞2 ℱ 𝑞2 2 < 𝜒 ⟹  ෍

𝑛=0

∞

𝑏𝑛
2 < 𝜒

Integral must over the whole circle!

8

Ƹ𝑧 map

𝑠+𝑠Γ ∞
Im 𝑞2

Re 𝑞2

Re Ƹ𝑧

Im Ƹ𝑧

BGL GG

mB + mπ mB + mK mB + mKmB + mπ

(+ extension to rescattering)

Reliable 
truncation 
error!

Motivation

Dayanand Mishra IP2I, Lyon 3

Local Non-local

Factorizable: form 
factor

Non-factorizable: 
unique Matrix elements

Moriond: QCD 2025

Can safely neglect 
non-fact. soft-gluon 
contributions to c loop

Measured BR(B K ) lower than predictions. 
Tensions between different theory predictions.

→ μμ

+ Re-analysis of hadronic ME ➜ tension persists
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FFs for Bc & HF hadrons from recombinations?

                                                           7

Phys. Rev. D 85, 052005 (2012) ground states PS seem OK, but vector, direct production, sounding

Also: more HF baryons at low pT than at LEP

Diquark-style 
recombinations?

(Note: similar phenomena 
modelled in event generators:  
QCD Colour Reconnections)

➜ can also make predictions for tetra-quarks

Li: 

Observation: more 
low-z D* in data than 
in baseline MCs 

Could originate from 
recombination of c 
with quark from UE? 

Similar to coalescence? 

Assumptions for “UE sea” ➜ good fits to data

Nandi: FFs for    

Tests of Lepton Flavour Universality analogous 
to those in  (RD, RD*) can be done with 

, , and  

For , there are FFs from lattice 

Heavy Quark Spin Symmetry    

Estimate symmetry-breaking correction ~ 30%  

➜  = 0.290  0.017 

Also compute P- and S-wave FFs in both 
NRQCD ( ) & pQCD (high ) 

In: Bc-> J/ψ FFs, decay consts, and measured 
charmonium radiative decay rates  LFU 

Bc → charmonium

B → D(*)

Bc → ηc Bc → J/ψ Bc → P( = χ0
c , χ1

c , hc)

Bc → J/ψ

⇒ Bc → ηc

R(ηc) ±

Bc →
q2 → 0 q2

⇒ R(…)
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Pion Holography? 
Holography = formal equivalence beween two 
theories, said to be each other’s holographic duals: 
• A strongly-coupled scale-invariant (conformal) 

gauge theory in flat 4D space-time  

• A weakly-coupled 5D gravity (string) theory in a 
curved space (AdS)

 can do calculations in the 
weakly coupled theory and 
relate them to the strongly-
coupled one!

⇒

Problems: 

• QCD  scale invariant 

• Longitudinal dofs neglected 
in “light-front quantisation” 

 massless pion

≠

⇒

Sandapen: restoring conformal-symmetry breaking 
longitudinal potential U|| ➜ correct  

Three Different forms of U||  same , , , low-
Q2 form factors, and  = 7.0, 7.2, and 7.4 eV

mπ

⇒ mπ fπ rπ
Γγγ

PDG: 7.82  0.22 eV±

Form “C” with  = 7.4 eV 
also exhibits quantitative 
agreement with 
holographic prediction in 
limit of weak coupling

Γγγ

Work in progress: 
holographic pion 
distribution amplitude 
& pion PDFs
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Heavy Ions Kolbé, Speranza

Isobel Kolbé (Wits) Moriond 2025

Jet Evolution With Energy Loss

5

JEWEL

1. Production:
Sample energy density 
distribution of collision

Use PYTHIA to generate 
particles

2. Vacuum Radiation:
DGLAP evolution

3. In-medium radiation:
Sample medium model to get T.

Use 2 – 2 scattering matrix 
+ parton shower

4. Give evolved jet and all 
radiated partons back to 
PYTHIA for full event 

generation

Kolbé: Simulating jets in medium 

Nonzero v2 at high pT not well understood 

Hydro interface for JEWEL: 
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generation
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Jet Evolution With Energy Loss

5

JEWEL

1. Production:
Sample energy density 
distribution of collision

Use PYTHIA to generate 
particles

2. Vacuum Radiation:
DGLAP evolution

3. In-medium radiation:
Sample medium model to get T.

Use 2 – 2 scattering matrix 
+ parton shower

4. Give evolved jet and all 
radiated partons back to 
PYTHIA for full event 

generation➜ Careful hydro with Trajectum 

Agrees well with jet pT spectrum in central PbPb 

But nonzero v2 at high pT still not well understood 🙁

Isobel Kolbé (Wits) Moriond 2025
Isobel Kolbe – University of the Witwatersrand

2

ϕ

Open source codes you can play with:
● MUSIC 
● Trajectum

Hydrodynamics

 MUSIC  Trajectum

Speranza: Initial-state-driven spin correlations in HI 

Huge angular momentum in peripheral HI may be 
converted to angular momentum ➜ polarisation? 

Relativistic Spin Hydrodynamics  

Hydro with spin as additional degree of freedom

Relativistic spin hydrodynamics 

• Conservation of energy-momentum tensor <latexit sha1_base64="DsLGgWTDN0olxAN7vEQ11c6LiO4=">AAAB8nicbVDJSgNBEO1xjeMW9eilMQiewoy4HYNePEbIBpkx9HR6kia9DL0IYchnePGgiFe/xpt/YyeZgyY+KHi8V0VVvSRjVJsg+PZWVtfWNzZLW/72zu7efvngsKWlVZg0sWRSdRKkCaOCNA01jHQyRRBPGGkno7up334iSlMpGmackZijgaApxcg4qdt4zCNuI2H9Sa9cCarBDHCZhAWpgAL1Xvkr6ktsOREGM6R1NwwyE+dIGYoZmfiR1SRDeIQGpOuoQJzoOJ+dPIGnTunDVCpXwsCZ+nsiR1zrMU9cJ0dmqBe9qfif17UmvYlzKjJriMDzRall0Eg4/R/2qSLYsLEjCCvqboV4iBTCxqXkuxDCxZeXSeu8Gl5VLx8uKrXbIo4SOAYn4AyE4BrUwD2ogybAQIJn8ArePOO9eO/ex7x1xStmjsAfeJ8/FQ6RIw==</latexit>

Tµ⌫

<latexit sha1_base64="L3rm0ls72+A8aw92hWQmhsMlCtU=">AAACLnicbVDLSgMxFM3Ud31VXboJFkUQyoz42gjFB7isYLXQaUsmva3BTGbIQyhDv8iNv6ILQUXc+hlm2kG09UDCybnncnNPEHOmtOu+OrmJyanpmdm5/PzC4tJyYWX1WkVGUqjSiEeyFhAFnAmoaqY51GIJJAw43AR3p2n95h6kYpG40r0YGiHpCtZhlGgrtQrnV83ED40vTH/r2L8nEmLFeCSwaVo5vYXBO7jinwHX5MdrJb/Cfp6tQtEtuQPgceJlpIgyVFqFZ78dUROC0JQTpeqeG+tGQqRmlEM/7xsFMaF3pAt1SwUJQTWSwbp9vGmVNu5E0h6h8UD93ZGQUKleGFhnSPStGq2l4n+1utGdo0bCRGw0CDoc1DEc6win2eE2k0A171lCqGT2r5jeEkmotgnnbQje6Mrj5Hq35B2U9i/3iuWTLI5ZtI420Dby0CEqowtUQVVE0QN6Qm/o3Xl0XpwP53NozTlZzxr6A+frG/RYqRo=</latexit>

Tµ⌫ = "uµu⌫ + P�µ⌫ +⇧µ⌫

• Conservation of total angular momentum
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ωµT
µω = 0
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ωωS
ω,µε = T εµ → Tµε

Florkowski, Friman, Jaiswal, ES, PRC 97,  041901 (2018); ES, Weickgenannt, EPJA 57, 155 (2021, many others)

Relativistic spin hydrodynamics 
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• Conservation of total angular momentum

<latexit sha1_base64="JtNS+9NY6vT1p/GNX96VbzPFllU=">AAACAnicbVDLSgMxFM34rPU16krcBIvgqsyIVDdC0Y3LCn1BZxwyaaYNTTJDkhHKUNz4K25cKOLWr3Dn35hpZ6GtB0IO59x7k3vChFGlHefbWlpeWV1bL22UN7e2d3btvf22ilOJSQvHLJbdECnCqCAtTTUj3UQSxENGOuHoJvc7D0QqGoumHifE52ggaEQx0kYK7EMvQVJTxAKPp7B5n5nLE+nkygnsilN1poCLxC1IBRRoBPaX149xyonQmCGleq6TaD/Lx2NGJmUvVSRBeIQGpGeoQJwoP5uuMIEnRunDKJbmCA2n6u+ODHGlxjw0lRzpoZr3cvE/r5fq6NLPqEhSTQSePRSlDOoY5nnAPpUEazY2BGFJzV8hHiKJsDaplU0I7vzKi6R9VnVr1drdeaV+XcRRAkfgGJwCF1yAOrgFDdACGDyCZ/AK3qwn68V6tz5mpUtW0XMA/sD6/AEpJZdK</latexit>

ωµT
µω = 0

<latexit sha1_base64="lIuArXv9265I7q+MYbG2IMS9tXo=">AAACJ3icbVDLSsNAFJ3UV62vqks3g0VwoSURqW6UohuXFfuCJpbJdNoOnUzCPIQS+jdu/BU3goro0j9xkmahrRcGzj3nHube40eMSmXbX1ZuYXFpeSW/Wlhb39jcKm7vNGWoBSYNHLJQtH0kCaOcNBRVjLQjQVDgM9LyR9eJ3nogQtKQ19U4Il6ABpz2KUbKUN3ipRshoShiXZcZVw/Bu/s4g0fQDbTL9QRewLphuTb9BB6nzVTpFkt22U4LzgMnAyWQVa1bfHV7IdYB4QozJGXHsSPlxckOmJFJwdWSRAiP0IB0DOQoINKL0zsn8MAwPdgPhXlcwZT97YhRIOU48M1kgNRQzmoJ+Z/W0ap/7sWUR1oRjqcf9TWDKoRJaLBHBcGKjQ1AWFCzK8RDJBBWJtqCCcGZPXkeNE/KTqVcuT0tVa+yOPJgD+yDQ+CAM1AFN6AGGgCDR/AM3sC79WS9WB/W53Q0Z2WeXfCnrO8fCrOmDg==</latexit>

ωωS
ω,µε = T εµ → Tµε

Florkowski, Friman, Jaiswal, ES, PRC 97,  041901 (2018); ES, Weickgenannt, EPJA 57, 155 (2021, many others)

Cons of angular momentum(E,p) cons.
Event-by-event spin fluctuations
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Initial-state spin fluctuations can be much larger than those 
induced by final-state vorticity
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Giacalone, ES, 2502.13102

Net polarization per particle:

nucleon spin

Initial total 
spin

Initial-state spin 
fluctuations can be much 
larger than those induced 
by final-state vorticity

Observable:  spin corrΛΛ
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 - 2gμ
(g � 2)µ Lattice Tail Summary

Tensions in (g � 2)µ: Recap from last year

[Muon g-2 Coll., Phys. Rev. Lett. 131, 161802 (2023)]

[Muon g-2 Theory Initiative, Phys.Rept. 887 (2020) 1-166]

[BMW, Nature 593 (2021) 7857]

Standard Model is confirmed to 0.37 ppm

Should be confirmed or refuted by other groups
with similar precision

Result for long distance contribution from other
groups have been released
�! support high value

White paper is currently being reassessed

Bálint C. Tóth (University of Wuppertal) Recent calculation of the muon g � 2 59th Rencontres de Moriond 2025 3

(g � 2)µ Lattice Tail Summary

Tensions in (g � 2)µ: Update

[Muon g-2 Coll., Phys. Rev. Lett. 131, 161802 (2023)]

[Muon g-2 Theory Initiative, Phys.Rept. 887 (2020) 1-166]

[BMW, Nature 593 (2021) 7857]

[BMW/DMZ, 2407.10913]

• Standard Model is confirmed to 0.37 ppm

• Should be confirmed or refuted by other groups
with similar precision

• Result for long distance contribution from other
groups have been released
�! support high value

• White paper is currently being reassessed

Bálint C. Tóth (University of Wuppertal) Recent calculation of the muon g � 2 59th Rencontres de Moriond 2025 4

(g � 2)µ Lattice Tail Summary

Anomalous magnetic moment
muon: charged particle with spin

magnetic moment m is proportional to spin S

mµ = gµ
e

2mµ
Sµ

Dirac equation �! gµ = 2

In reality: gµ ⇡ 2.00233 . . .

Deviation: Anomalous Magnetic Moment

aµ =
gµ � 2

2
⇡ 0.0011659 . . .

All segments of the Standard Model contribute
aµ ⇥ 10�10

QED 11658471.9(0.0)
electroweak 15.4(0.1)
strong 693.7(4.3)
total 11659181.0(4.3) [White Paper ’20]

Hadronic vacuum polarization (HVP) of photon:

aLO-HVP
µ =

µ

�

had

µ

dominates theory uncertainty

Two methods:

Data-driven / R-ratio method
Lattice QCD

Bálint C. Tóth (University of Wuppertal) Recent calculation of the muon g � 2 59th Rencontres de Moriond 2025 2

Largest TH uncertainty: hadronic vacuum 
polarisation (HVP) 

1. Data driven (from R-ratio) 

•  + optical theorem 

• But note some tensions among data sets! 

2. Lattice QCD (1010-dim integral) 

• Community agreement on intermediate 
(simpler) benchmark: window 
observable (restrict correlator to 0.4-1fm) 

• Finer lattice spacings (page 10) 

3. Frankenfit 
• Lattice for 0-2.8fm window  

• Data driven for 2.8- fm tail (5% of total 
result, avoids  peak, good agreement). 

e+e− → had

∞
ρ

➜ 0.9 σ
gμ − 2

Apollo with the serpent Python 
dead at his feet, Musee du Louvre

Tóth

Not in WP

Not in WP
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Theory Speakers 1 — Soft/Hadronic

EW/BSM 
Q ≳ MEW

Fixed-Order 
pQCD 

Single-Scale 
Q ≫ Λ

Resummed 
pQCD 

Multi-Scale 
Qi ≫ Qj ≫ Λ

M
atching

b, 
, c

Γ
W

Zt
t, H

, Z, W

Fl
av

ou
r P

hy
si

cs

gμ − 2

Hadrons 
Q ≲ Λ

Hadronization 
Strings, QGP 
Q ∼ [ Λ, 5Λ ]

Lattice
Q

ED

• S. Li (Hadrons from recombination) 
• S. Zafeiropoulos (Lattice PDFs) 

• B. Tóth (Lattice )  
• M. Praszalowicz (Elastic pp) 
• R. Sandapen (Pion Holography)

gμ − 2

Non-perturbative QCD

• N. Zardishti (HI Overview) 
• I. Kolbé (Jets in Medium) 
• E. Speranza (Spins in HI) 

• W. Schee (QCD  Gravity?)↔

Heavy Ions
• S. Nandi (  FFs) 

• E. Lunghi ( ) 

• N. Gubernari (  FFs) 

• D. Mishra (  LCSR) 

• G. d’Ambrosio (LC )

Bc → Xcc̄
b → sμ+μ−

B → K
B → K

K → πℓ+ℓ−

Quark Flavour Physics

Apologies: a few speakers not yet mentioned in these slides

• R. Poncelet ( ) 

• M. White (Q. Advantage in )
σth

tt̄

Methodology
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Theory Speakers 2 — Hard/Partonic

EW/BSM 
Q ≳ MEW

Fixed-Order 
pQCD 

Single-Scale 
Q ≫ Λ

Resummed 
pQCD 

Multi-Scale 
Qi ≫ Qj ≫ Λ

M
atching

b, 
, c

Γ
W

Zt
t, H

, Z, W

Fl
av

ou
r P

hy
si

cs

gμ − 2

Hadrons 
Q ≲ Λ

Hadronization 
Strings, QGP 
Q ∼ [ Λ, 5Λ ]

Lattice
Q

ED

• A. Pelloni (N3LO splittings) 
• F. Hekhorn (aN3LO PDFs & Higgs) 
• S. Ferrario Ravasio (Shower Logs) 
• N. Schalch (Non-global Logs) 
• T. Becher (Super-Leading Logs) 
• M. Neubert (Factorization) 
• A. Vladimirov (DY TMD) 
• W. Zhan (DY intrinsic pT) 

Splittings, Resummation, Factorization

• S. Jaskiewicz (  in )  

• M. Kerner (  in ) 

• M. Marcoli (pp ) 

• D. d’Enterria (Rare  decays)

mt HH
mt H + j

→ γγ
H

Hard Processes
• S. Vempati (Higgs FLV) 
• E. Vryonidou (Higgs CPV) 
• M. Baker (Heavy Vectors) 
• S. Balan (Dark-Matter Fits) 
• M. Fedele (Sterile  in )ν b → cℓ+ℓ−

BSM

• J. Pires (  from Dijets) 

• M. Benitez (  from MH) 

• Y. Che (  from B) 

• J. Wu  (  from D) 

• P. Petreczky (  from lattice)

αs
αs

αs
αs

αs

Strong Coupling
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