2

Three-loop rapidity anomalous dimension

and N°LL resummation of jet-vetoed Higgs
cross section

Samuel Abreu, CERN and The University of Edinburgh
— ongoing work with Jo Gaunt, Pier Monni, Luca Rottoli and Robert Szafron

27th of May, 2026 — LoopFest 2026, BNL



Outline

* Three-loop rapidity anomalous dimension — Calculation

* Three-loop rapidity anomalous dimension — Checks
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 Summary and outlook



Motivation

NSLO+NNLL+LLg v. NNLO+NNLL jet veto cross section

* Study important Higgs decays channels such as B ig —1 1 1 ]
H — WW#* and H — 77: reduce top-quark and other % . /
QCD background by imposing a veto on jet transverse %’; e : L s
momentum and isolate zero-jet events - O NLOWNLLMLg £
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* Large scale hierarchy requires resummation
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[Banfi, Caola, Dreyer, Monni Salam, Zanderighi, Dulat 15]

* Can we push it to N°LO/N°LL?



Calculation



la SCET

Jet veto

<Pr

Factorisation a

» Colour-singlet production with jet veto p-.

- Potentially large logarithms log(p;*°/ Q)

+ In the limit p)*"° < O

veto

do(pr

= X Q) B, (%1, 0, Py, Ry, v) Bi(x, Q, p7=°, R 1, 1) S(py<°, R*; , v)
Born

- Hard function: large scales y ~ Q, only virtual contributions = independent of p;'°

- Beam functions: collinear dynamics of radiation along n and n

- Soft function: soft radiation emitted off initial state partons

- u and v are the renormalisation and scales



Evolution equations (for 1)

e Beam functions

“dy 1
In %B,,(x, Q, py*°, R*; p, v) = ZJ ifcusp(as(//t’)) — —7,(pF°, R?)
dInv veto M 2
Pt
 Soft functions
veto p?2 g d/’t / / veto p2
ln CSj(]?T 9 R ,,l/t, U) — 4 _,Fcusp(as(//t )) + }/y(pT 9 R )
d ln 1% veto
Pt [Becher, Neubert, Rothen 13;
Stewart, Tackmann, Walsh, Zuberi 13]
» N°LL resummation
- Two-loop beam and soft function e o o o o el Brume et al 24

- Three-loop rapidity anomalous dimension ¥, (p7°, R?): this talk!
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Rapidity anomalous dimension

dinv

 In v derivative of three-loop soft function

1
Si, R0 = — YT { A, R OV, X)X V1Y, 10) )
F

X

S

H d//i,

In S(py*°, R* p,v) = — 4J ey (1) + 7P % RY)

p%’_'eto

« Measurement function: clusters particles and applies p veto, depends on jet algorithm and R

M(Py°, R?) = O(pye° — p/\(py, .., D)

* Divergences that need to be regulated

- UV: regulated in dimensional regularisation, D — 4 — 2¢

- Rapidity: exponential regulator

[ [ akskpo?) — | | dkskHok)exp
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[Li, Neill, Zhu 16]



Ingredients: soft amplitudes

* Two-loops: tree amplitudes for double soft emission

FE P

[Campbell, Glover 98, Dokshitzer, Lucenti, Marchesini, Salam 97, Catani, Grazzini 99]

* Three-loops: tree amplitudes for triple soft emission, and one-loop for double soft emission

[Catani, Colferai, Torrini 20; Catani, Cieri, Colferai, Coradeschi 22]

[Zhu, 20; Czakon, Eschment, Schellenberger 22]



Challenges

 Complicated integrands

- Square amplitudes + colour algebra = relatively large expressions to handle

 Complicated integration measure and measurement function

e —VE

J [dp11[dp,][dp;) A (py<°, R?) [dp,] = d°pd(p))O(p;)exp |———(n - p;+ 7t - p))

U

* Regulate divergences

- Dimensional regularisation: integrate in 4 — 2¢ dimensions

- Rapidity divergence: handle non-trivial exponential regulator
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Simplifying the calculation 1

* Define independent and correlated contributions. Eg, for two soft-gluon squared amplitude

‘Qié%)(p D) = ((g())(pl) te/4 g))(l?z) + o fg%)(l?ppz)

- Independent emissions Qig(pl): soft single-gluon squared amplitude

- Correlated terms </ gg(pl, D»): p; and p, have commensurate rapidities

- Generalise trivially to more emissions

* Helps deal with rapidity divergences

- Correlated contributions vanish if any particle is far in rapidity

- Collinear singularity mapped onto a single particle of the correlated cluster
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Simplifying the calculation 2

Define Reference Simplified Variable (RSV)

S(Py°, R* pu,v) = Spev(Pr=% 1) + AS(pF*°, R*; p, v)

veto R 2.

= Compute S'rqy and A& to determine S'(p; 1, V)

Mysy(py —H O(p;=° = p ™) = O(py™° — max{p;*™})

Factorisation of phase-space mtegrals over clusters

RSV trivially related to TMD soft function & l(pveto, U, V): computed analytically

A& vanishes for single emission: much simpler singularity structure

- Finite at two loops

- One-loop like divergences (double poles) at three loops
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Example @ two loops

ArP(R?) = AyCL (R + Ay)(R)

+ Il term [dpldps] (py) ) (O3 — I (py. ) — (P~ maxipy.pa)

- Measurement vanishes when p; and p, are far in rapidity

- Only one source of rapidity divergence

pA

- Amplitude vanishes when p, and p, are far in rapidity

. ) 1 } )
 CCterm ldp1ldp,] <<97£1(2—1)(P1ap2) +—of O)(Pppz)) <@(Pveto _P;I(Pppz)) (")(Pveto [P+ Dol )>

- Only one source of rapidity divergence

« Greatly simplifies rapidity integration — only retain In v terms

 Remaining integrations: Monte Carlo because of non-trivial jet algorithm
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Three-loop decomposition

AyO(R?) = ApSi(RY) + ApSL o (RY) + ArSL o(RY)

3
yOR?) = Cly KR

2
+C I%C " yf ) CI%CA(R Y+ C I%TRnf yy(3)’ Cilwy (R?)

1 1%

2.2
+CrCrl gny r, " FT(R?) + CrCalgny r, " AT(R?) + CrCiv,” RAR?) + CRTI%n]g }’153)’ K (R?)

 Challenges
- Calculation in 4 — 2¢ dimensions: combine real and virtual singularities

- Many integrals to compute numerically: heavy Monte Carlo integration

 Computed all numerical channels in two independent codes: Vegas in fortran and Tensor Flow

[Carrazza, Cruz-Martinez 20]

 Sub per-mil precision for all contributions
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Three-loop rapidity anomalous dimension
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e [t's quite large!
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Fit over 20 values of R

Negligible error bars

@ Three loops: jet-algorithm dependent
Results for anti-k,, k,, Cambridge/Aachen

[Abreu, Gaunt, Monni, Rottoli, Szafron, TO APPEAR]



Checks




Check 1: Small-R behaviour

5000+ * The three-loop soft anomalous dimension

3 3
A[W’(/ = /71(/, )L2

: —— : has at most In” R* behaviour at small R
4800 0 [/71/ _ ’7,,’ L‘z]nun‘l —
I [“/1(,3) — 7 (S)Lz]ﬁt. :
4600 - ' ‘: yO(R?) =c_,In>R* + c_;InR* + Z ¢; R*
g 4400 - Llnear INa | ;
% 00k a log scale - C_, predicted from small R resummation
N f = remaining dependence is logarithmic
4000 - ]
3800 -
i
3600 s
2y _ L 2 (P2
0.05 0.06 0.07 0.08  0.09  0.10 JiR?) = ¢ InR™ + ¢ + Z C; (R7)
= =1
—| & 2 5
= (1) - same agreement for other 3 CCC channels
= i o
A - large c_, coefficient!
= 0.05 0.06 0.07 0.08 0.09  0.10
R

[Abreu, Gaunt, Monni, Rottoli, Szafron, TO APPEAR]
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do/dIn(p} /my) [fb]

Check 2: leading-jet p; slicing

10.0

- 0(a?) ot 2 ' 2
. - co | d°sHet d G(pveto
3 | . T
7.5 — ©ley) | dd — |]_l]veto ® dGBorn + Jltlm _ dp%*et jet d E—
] b O(a?), A7£3)(R2) =0 __.I" Preuw—0 up%%éut de Pr »
- p¥eto=p%§
- Logarithmic dependence at small
9 Pr
captured by yU(RZ)
- Implemented in RadISH
S h If-t d ue -t O [Bizon, Monni, Re, Rottoli, Torrielli 18]
3 2 . .
=50 1 | ;/Ig )(R ) /5 =13 TeV, R = 0.1 - H+jet cross-section from NNLOJET

ur = pr = myg = 1 TeV [Huss et al 25]

— 7.5 —
- Consistent with our result for ;/153)(132)

—10.0 | | | | | | | | |
~-6.5 —-6.0 —-5.5 —5.0 —4.5 —4.0 —3.5 —3.0 —2.5

ln(PjT/mH)

17 [Abreu, Gaunt, Monni, Rottoli, Szafron, TO APPEAR]



N-LL resummation of jet-vetoed Higgs
cross section
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N-°LL resummation of jet-vetoed Higgs
cross section
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N°LO/N’LL Higgs jet-veto cross section
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[Abreu, Gaunt, Monni, Rottoli, Szafron, TO APPEAR] <0

Fixed-order ingredients from NNLOJET

and Higgs NLO cross section
[Huss et al 25]

[Anastasiou et al 15, 16; Mistlberger 18]

Resummation performed with RadISH
[Bizon, Monni, Re, Rottoli, Torrielli 18]

Very good perturbative convergence

Very large jump from NLO/N’LL
to N°LO/N°LL

What explains this large jump?
Could it be large logarithms of R?

= Require small-R resummation?



Summary and outlook



Summary and outlook

 Completed the calculation of the three-loop rapidity anomalous dimension

e Passed several non trivial checks

 Used in obtaining the N°LO/N’LL Higgs jet-veto cross section

. Very large jump from N°LO/N’LL to N°LO/N’LL

* Do we need small-R resummation? Need to go beyond leading log...

 (Can the same computational setup be applied to other observables?
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Summary and outlook

 Completed the calculation of the three-loop rapidity anomalous dimension

e Passed several non trivial checks

 Used in obtaining the N°LO/N’LL Higgs jet-veto cross section

. Very large jump from N°LO/N’LL to N°LO/N°LL

* Do we need small-R resummation? Need to go beyond leading log...

 (Can the same computational setup be applied to other observables?

Thank you
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