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Motivation

colourless exchange in the t-channel involving weak gauge bosons

clear kinematic signature
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study of electroweak parameters and vertex structures

large (but subdominant) cross section 10~
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p , ATLAS —e— Total Stat. [ Syst. | SM
_ _ -1
I q Q — g Q H s =13TeV, 24.5-79.8 fb
fh\ 1 m,, =125.09 GeV, |y, | < 2.5
e Py = 76% Total Stat. Syst.
! 3 F ; + + +0.07
42 v § a9 H==H 1.04 +0.09(+0.07 _yp6)
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[Bolzoni, Maltoni, Moch, Zaro 2015] ttH+tH HH e — 121 05 (2047 TTg)
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Motivation - theoretical developments

advanced theoretical predictions in factorisable approximation
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NLO QCD |[Figy, Oleari, Zeppenfeld 2003] [Berger, Campbell 2004]
[Figy, Zeppenfeld 2004] [Andersen, Binoth, Heinrich, Smillie 2007]

NLO EW [Ciccolini, Denner, Dittmaier 2007 & 2008] [Figy, Palmer,
Weiglein 2012]

NNLO QCD [Bolzoni, Maltoni, Moch, Zaro 2010 & 2012] [Cacciari,

Dreyer, Karlberg, Salam, Zanderighi 2015] [Cruz-Martinez, Gehrmann,
Glover, Huss 2018] [Asteriadis, Caola, Melnikov, Rontsch 2022 & 2023]

NNNLO QCD [Dreyer, Karlberg 2016]

O_(no cuts) [pb] O'(VBF cuts) [pb]
LO 4.032 12957 0.957 10-09°
NLO  3.9297002%  0.876 "5 ols
NNLO 3.88879015  0.844 75508

TABLE I: Cross sections at LO, NLO and NNLO for VBF
Higgs production, fully inclusively and with VBF cuts. The
quoted uncertainties correspond to scale dependence, while
statistical errors at NNLO are about 0.1% with VBF cuts
and much smaller without.

[Cacciari, Dreyer, Karlberg, Salam, Zanderighi 2015]

TABLE I. Inclusive cross sections at LO, NLO, NNLO, and
N°’LO for VBF Higgs production. The quoted uncertainties
correspond to scale variations Q/2 < g, ur < 2Q, while stat-
istical uncertainties are at the level of 0.2%e.

0.[13TeV) (pb) O.(l-'lTeV') (pb) O.(IU(JTeV) (pb)

LO 4.099+0:0°] 4.647 10037 77.171833
NLO 3.970% 5073 4.49755057 73.90% 5,
NNLO 3.9327 0015 445250018 72.447033
N’LO 3.9281 0001 4.44810001 72.34155)

[Dreyer, Karlberg 2016]
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Motivation — Non-factorisable contribution ()

Factorisable contributions Non-factorisable contributions
4 4

NLO

J J
tr (t9t%) = —° tr (t*)tr (%) =0

4 4

I

tr (£%¢°) tr (¢*t°) =

\VVVVAVVW
\VVVVAVVW

:
NNLO 3
Qs
y

(N2 1)’
4

N2 _1
4

tr (%) tr (t%¢°) =

» Non-factorisable contributions vanish at NLO due to their colour structure, and are suppressed by a factor N> — 1 = 8 at NNLO
* Factorisable predictions are already small, at or below % level

e The actual size of NNLO non-factorisable corrections cannot be inferred from NLO contributions
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Non-factorisable contribution — ingredients of the calculation (I)

Three terms contribute to the non-factorisable cross section at NNLO

dgg;->X+H — Z/dﬂi‘ldxz filze, pup) fi(z2, pr) da-%f_)X+H(x17x2) d&ﬁglo — dCAfﬁfR 4+ d&ﬁ{/ 4+ d&{}fv
i,
4 4
dsnt § N § N Each ingredient requires
iR § S individual treatment with
Al F gz al2 o g2 different challenges:
- * Pole cancellation
o nf 2 3 /2 « Loop amplitudes
dogy 2 S NG
Ay AT
~ ~
d63v i § : %
Ay ) A A ) A
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Non-factorisable contribution — ingredients of the calculation (il)

Non-factorisable contributions have to connect upper and lower quark lines and are effectively Abelian

/‘

=

_/

FeCtr () tr (t°t¢) = 0

The infrared structure is simplified: no collinear singularities

F

/‘

’mm%)

7 §
1 _—
-

E,E,(1—cosfy,)

_/

2
~_ 1
~
>@ EqEqQ(1 —cosbyq)

All IR singularities are of soft origin.

/‘

]

_/

2 _
tr (£%°) tr (¢%¢°) = ol ] 1

Non-factorisable contributions are UV finite

- ~
H : % § 2
: : : :
Y Y
Renormalisation simply consists of ab®'¢ = a,u?S,
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Double-real emission (l)

Main issue of the double-real contribution: extract IR singularities while preserving the fully-differential nature of the calculation
» simplified nested soft-collinear subtraction scheme [Caola, Melnikov, Réntsch 2017]

fully factorised emissions due to Abelian nature - -
abscence of collinear singularities g%mmﬁs: mm%%c
_/

6
1=3

Ve
NS

1

2s - Rt = o [dps] [dpe) F'v (14,205 345407154, 64) = (Finm (14520, 347, 40|54, 64) ) integration over potentially
- unresolved phase space
Separate the soft-finite contribution from the soft-divergent part dp] = d*"'p 0(Emax — E,)

(2m)d-12FE,

<F€1{4 (1q> 2p, 3q’v A4 597 69) > — <(I - 56) Fﬁ{d (1qv 2p, 3q’v4t3 597 69) > T <S6 Fﬂllﬁ/[ (1q7 2p, 3q’>4t3 597 69) >
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Double-real emission (Il) ﬁgm %@%

S6FII,11£/I (1Q7 265 3¢’ 4¢3 Og, 69) — _292,19 RqQ /[dpﬁ]e(EF) - E6) Eiknf(lqa 2Q, 3¢ 4q ‘ 69) Fﬁll{/l (1617 26, 3¢’ 44 59)

Nii Di - D
Eikn (14,20, 3¢, 4 k) = 3 3 P P
Integrate the eikonal factor over the radiation phase space ic[1.3 (pi - i) (Pj - Pr)
J€[2,4]
—2€ —2€
5 . _ag (2F5 ag [ 2E5 1 P1 - D4 P2 * P3 0
. dpr| Eik, ¢ (1,,20,3.,40; k :—(—) Kue(1,,20,3.,407; € :—<—> — |lo + O(e
2 [ dpu] Bik (14,2035 driky) = 52 (22 1203y 4010 = 52 (222) ¢ [log (ABL22ES) L (e
~
One more soft limit to consider in the single-gluon emission amplitude § :
55(2E5) zeFﬂll{d (1q7 2Q73Q’74Q’; 59) — _ng,b RqQ (2E5) 26Elkmf(lqa 2@73(1’»4@’ ‘59)FLM (1q> 2@7361’»462’)
_/

Double-real at cross-section level results in a remarkably simple object

. 2 F —2e i
<F€1{/I (1(]7 2@73(]’7462”59769) > :<[I o S6}<F£11{4 (1617 25736]’7475; 59769) > - 2 (%) KJQQ<[I o S5] <—5> KﬂfFLlﬁ/I (1617 2573(1’7475; 59) >

[
—4e
g 2 2Emax
—|—2(%> ( Py ) <Kr21fFLM(1q72Q73(J’74Q’)>
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Virtual corrections

Extract IR singularities from virtual amplitudes and compute finite contributions.

One-loop correction to the colour-stripped 5-point amplitude

FE{/ (1qv 2Q, 3¢, 4@’) — Ndeip834H (QW)d §(d) (p1+p2—pH—Z?:3 pi) 2Re [Ag A7) §

The amplitudes are UV-finite, but IR-divergent:

1 s n
FL\f/ (1qv 2Q; 3(1’7462’) — o 2 KqQ [1(6) Frm (1(]7 20, 3(1’7462’) + FL\f/,ﬁn (1(]7 20, 361’7462’)

1 : :
I,(€) = = log (pl P4 P2 p3>
¢ P1 P2 P3 - P4

Two-loop correction, the Abelian nature of the correction leads to the simple pole structure

o

2
(Finy (1420, 3¢,407) ) = (52) (211 Fint (14,20, 407) ) §

-
X s n Il
T oy e (211(¢) Fiy gin (14,2035 40) ) + (Fivv.in (10,205 3¢, 407) )
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Pole cancellation

We Iintroduce a finite combination of two the divergent functions

2E—2€
W(E: (14, 20,30 1) = (25— ) Kurle) = 1) = O()
~nf T]%(Nc? B 1) '/ rnf nf nf
dUnnlo — 9 _<FLM(1<17 2@7 3q’74Q"597 69) T <FLM(1qv 2@7 36]’74Q’|5g)> T <FLVV(1C]7 2@7 SQ’74Q’)>}
T7 (N02 B 1) - n Qs
R (I = S6] Fini (1452, 3475 41154, 64) ) — 2 (%) (T = S5 WI(Es: 142030 Ao ) Fum(1e: 2 3¢/, 47 [5g) )
g\ 2 0
2 (%) <W(Emax3 (1(17 2Q, 3¢ 4@’)2FLM(1Q7 2Q5 3¢ 4@’)> + <[[ — ‘95] FL\{;,ﬁn(lm 2Q, 3Q’74Q”59>

— 2 <W(Emax; 16]7 2@7 SQ’74Q’) Fﬂ\f},ﬁn(1Q7 2@? 3Q’74Q’)> T <Fﬁl\f/\/,ﬁn((1q7 2@’ 361’7 4@')>:|

Achievement: local pole cancellation and simple form due to abelian nature of nhon-factorisable contribution
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Virtual contributions

00000000
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a a
2 FERVE ¢Q—qQ +H
q Q N qle/ H q Q N q/ é/ _I_ H _|_ g 7/ scales: S12, 823, S34, S45, S51, My, M

elkonal approximation [Liu, Melnikov, Penin 2019] [Dreyer,
Karlberg, Tancredi 2020] [Gates 2023]

calculated previously [campanario, Figy, Platzer, Sjpdahl 2013] sub-eikonal approximation [Long, Melnikov, Quarroz 2023]

validity ensured by kinematic signature and WBF cuts

computationally expensive due to multiplicity and large anti-k; 2 jets, R =0.4
cancellations in the soft limit jet transverse momentum p; ; > 25 GeV
jet rapidity Y| < 4.5
E,—0 jet separation Vi, — Yjp| > 4.5
invariant mass of jets M;; > 600 GeV

pole prediction and soft limit checked separate hemispheres Yi, Yiy < 0
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Eikonal approximation
/s = 600 GeV
Eikonal approximation of virtual contribution to WBF Higgs [Liu, Melnikov, Penin 2019] p;1 ~ 100 GeV

kg ~my < \/EJ’Z

Tu (kﬂ TP ﬁz) VWPla rF Tu (kﬂ —F ﬁz) /4o
(k +p1,2)2 t+ie 2k-piptie  2kF +ie (k- P1,2)2 tie —2k-piptie  2kT—ie L s (k)
2k—+i1e 2k —ie
1 3 3 1 [ d%k —ind (k™)
é § 2r) k*(2k+ — ie)[(k + p; — p3)? — myll(k — py + py — mg)]
k4 k]
2 4 2 4 [ d% +ims(k™)
2r) k*2k+ + ie)[(k + p; — p3)? — myll(k — py + py — m§)]

1 1 ,
— — — — — i) (k+)
2kt +ie 2kt —ie

1 3 3 g 1
g 1 1 [ dk 5(k-)5(k+)

2 kK2[(k + py — p3)? — my [k — pr + py — m3)]
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WBF Higgs production: Results at 13 TeV ()

pp collision: /s=13TeV, PDFs: NNPDF31-nnlo-as-118

2
_ R Ly 2
ont = —3.11b HR = HF = 5 \/ 1 -PH my = 125.0 GeV, my = 80.398 GeV, mz = 91.1876 GeV,ag(myz) = 0.118
x107° %106
! | | | | 02 0 | .......... | ......... ; ......... | ..... =
_ _ LOfp- oo i NNPDF31 nnlo as 118 7 | ~ NNPDF31 nnlo_as_118
Non-factorisable corrections are | . LHC, 13 TeV, fiducial cuts | LHC, 13 TeV, fiducial cuts
0.5 % of factorisable through NNLO 05 Saan EE o 01f o o o
;‘ j Z Z Z Z _ : Z Z Z
v
- o 0.0 > | | | |
Double-virtual accounts for 99.99 % 2 | 8 ook SR
ot - : : o) ' ' '
C . : = =05 ke = I : :
For 1.x =pr scale variation is O(40) % J = - — Fl(.15,6)
5 ; ; ; ; S o—oab [ )
: -10F+ | -/ - - S SRR R B | . LM .
& | | | | | S FrE(...) - 1071
S T : - : 6 : et | | i i hf i
&] —15} —“ . LM(IS' I "_ ! |_Vf|n(|5) : - —02} - - FLV,fin("'|5) i
. — Fiu(...|5) — Filanl) : : '
= —2.0F — FIh(.)= 107 Epf () - 1075
E i i i i i 0.3
E E E 1 E E
E g 005 . . .. ........ ...... . I ........ L g 001
S % 0.00 e : %
3 - | | — S 0.00
. S U I D S _ 5
=00 Fiu(...) - 1073 “ ool ]
510 1(1)0 150 2(1)0 2%0 10100 15100 20100 25100
pJ_,jl [GeV] ij [GeV]

[Liu, Melnikov, Penin 2019] [Asteriadis, Brannum-Hansen, Melnikov 2305.08016]
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WBF Higgs production: Results at 13 TeV (ll)

To estimate the real emission contributions to the cross section, we consider the quantity 1

L(1,2,3,4) —1n (pl " P4 P3 'p2>
P1 P2 P3 P4 5 A

WBF kinematics Is characterised by two hard jets that are nearly collinear to the beam axis

p3s =azp1+ P3p2+ P31 P2 pA
g, Ba ~ 1 By~ = <1, oy~ L1

P4 = g p1 + Bapa + P4, 1 S S

With this approximation, we get

D3 1 - . typical values
2 .
L(1.2,3,4)=—1In (1 - P3 s _ 4Ps, L p4,¢>
D5 1| ~ 60GeV

a3 B4 s ag By
Vs | - P
o B3 LT PALL g2 Vs ~ 600 GeV

S

and we estimate the contribution from two soft gluons and compare to the =% -enhanced double-virtual

orr ~ NZ(L7(1.2.3. ) Fia (1, 24,3, 4¢)) ovy ~ NZ( xur(1,2,3,4) Fiy(1,2,3,4))

~ 10 010 ~ 10010 \
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Beyond the eikonal approximation

Going beyond the eikonal approximation of virtual contribution to WBF Higgs [Long, Melnikov, Quarroz 2023]

1—93  ki=oa;p1+0Bip2+kiy N —
p3 = azp1 + B3 p2 + P31 S e =1 04 o1 L 5 -
= 10 J_ t=|; 4% = /4%
Pa = aap1+ Pap2 +paL - e R I ==
: : . 1—o04 SR, = T s . |
Calculation using method of regions: = e S B —
s ' - - —0.4- -—- SEE
< B ' N |
— 10-3 < 0.0%
i -15.0% 1 | i i
= 25 o<7- —\_‘_\_‘_‘—\—._\_‘_I—,_‘_L =g 10.0%7
%\ T fgf\ 120.0% _\_\— —
<1 -35.0% +————T— < - . - . - . - . -
100 200 300 400 —2 —1 0 1 2
Correction to total cross section of around 20% : Pt [ GeV ] i
f 1750 - Nior = 17812 B o 65,0
ovy = (—3.1+0.53) fb  (WBF cuts) 2
1 3 1500 - il
with WBF cuts and without cuts : L T é 1950 4
o, = (—16.8+6.8) fb (no cuts) 2 4 gmoo'
750
and including real contributions .
fact.
o — 3932 tb (no cuts 550 -
o =(—=15.2+6.8) fb (no cuts) fmllo ( )
oo =3928 fb  (no cuts) o I e -
[Dreyer, Kar|berg 2016] Typical value of 43 and d4
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Beyond NNLO

Egé o 2
Non-factorisable corrections can be written:

2 nf —0.70 nf —0.01
dof. — Ny — 1&2 dor. C Onnlo — _2-96+0.51 th Onnlo + bub — _3-19+0.14 th Mren — [mh/23 th]
nnlo — 4N2 S lo Ynf
where

2 200 0
Cnf — Cl CQ 120
150 100
and £ 80
O, — _2/ dd_2k1 A3A4 Ux 100 )
1 (2m)4=3 A1 A3 ;A1 . x

Cy = 4/ "k 47 ks S 0 -

(2m)94=3 (2m)9=3 A1 AaA3z 1204 12

0.002

- 00[

A =K% A= (ki—p3)it+md, Agi=(ki+p)i+m>
1 — B 3,7 — ( ) p3) + my,, 4,9 — ( i T+ p4) + Ty, —0.0030 ;
—0.002 o
- : : . E 2 —0.0035
extracting 5y as contribution from ny diagrams —0.004 B
—0.006 —0.0040
2
Ao — Aqo (1 | BOQS In kz > Q008 57 b T e Tk —0.0045 |
, ’ 2T ,U265/ 3 10 60 80 100 120 140 160 180 200 e R E— : 5 : i
pl ) GeV yn | GeV
[Brodsky, Lepage, Mackenzie 1983] [Broannum-Hansen, Long, Melnikov 23xX.XXXxX]
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Summary

* Theoretical predictions for Higgs production in WBF are at an advanced stage

wh TN
with factorisable NNLO (differential) and NNNLO (inclusive) known ool /N ]
oot /N
L N
* Significant recent progress for non-factorisable contributions ¥/ N
o o/ T I R N VI
. pfeliminary
* Dominated by double-virtual which can be reliably estimated in the eikonal limit o

—0.0025F

* Sub-percent correction to factorisable total cross section through NNLO,

—0.0030
but larger than NNNLO corrections

o _
2 —0.0035) N,
SR - : —0.0040
* Percent-level correction in certain regions of phase space
—0.0045 : : : : :
T3 2 10 1 2 3 4
. : : : : . yn | GeV
* Ongoing work: accounting for running of coupling for stable theoretical predictions
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Thank you for your attention
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