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QUICK INTRGDUCTION

» Why study Higgs pair productions?

® directly probing trilinear coupling

® Indirect constrain to quartic couping

Constrain the Higgs
field potential
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> Loop induced LO: destructively interfering box and triangle diagrams

g ——1----- h . .

l, Higher order perturbative

computations are quite
gnlb——-t----- h .
challenging
g h State-of-the-art: NLO
¢

RN further improved by Soft gluon

g ) resummation/parton shower matching
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Higher order perturbative computations in this limit are more feasible
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Infinite top quark ! e
A+t . . R
approximation ”
PN IR N " P Ch P Oy IR S D
# q \\h eff — 4 th hh27J2 1%
g ~h
9 h ,
t 'l 4
- 'ﬂ):hhh Chh --- '(:)\hhh
g - g ., C, & C,,, : effective vertices

Higher order perturbative computations in this limit are more feasible

Insufficient for phenomenological applications.
Numerous efforts to include the finite top mass corrections to this approximation
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INFINITE TOP QUARK MASS LIMIT : OVERVIEW

» Breakdown to 3 channels : depending on number of effective vertices

dony, = doy, + dohy, + dos),.

total | O«

2
class-a | O(a?) | O(a?) | O(ad

(
class-b 0 O(a?) | O
O(

class-c 0 0
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INFINITE TOP QUARK MASS LIMIT : OVERVIEW

» Breakdown to 3 channels : depending on number of effective vertices

dopy, = doly + dod, + doé, .

total | O(a?) | O(a?) | O(al) | O(a?)
2

class-a | O(a?) | O(a?) | O(ad) | O(a?)
class-b 0 O(a?d) | O(ad) | O(a?)
class-c 0 0 (9(04;1) (’)(a?)

Class-a — N°LO
3
at N°L.O Class-b — NNLO

Class-c = NLO
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INFINITE TOP QUARK MASS LIMIT : OVERVIEW

» Breakdown to 3 channels : depending on number of effective vertices

total

class-a

class-b

class-c

SICIC

at N°LO

Ajjath A H

Class-a — N°LO
Class-b — NNLO
Class-c —» NLO

dony, = doy, + dohy, + dos),.

Chen, Li, Shao,Wang
(PLB’20, JHEP’20)

> Class-a : share same topology as ggH at the
large mass limit

2 2
doyy, Fumh Chn  6Annav 9 <0h’ )
dmpp, ~ Ch, m%h — m% Mp—2Mhh,

3
Phase space 5 5 at N°LO
f ' My, — 4mj,
actor mapping . v
from ggH — ggHH Thshh = 167202
997 =14 From iHixs2
my,;,, — Higgs pair invariant mass Dulat et al. CPC’18
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INFINITE TOP QUARK MASS LIMIT : OVERVIEW

> Class-b : to NNLO accuracy - use g-subtraction method &g, * “™"

b b
dahh - dahh veto
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INFINITE TOP QUARK MASS LIMIT : OVERVIEW

Catani & Grazzini

» Class-b : to NNLO accuracy - use g,-subtraction method g/’

b b
dO'hh - dahh veto

P >pYs

veto

P <pY
J-resummation
formalism

2
dgzh b (p%h)
W:H @@g@ng@@x (1+(’)< L
Hard
function

Banerjee et al,,
JHEP’I8

TMD beam function Process

Soft functions independent

Gehrmann et al.PRL' 12, JHEP’ 14; Luebbert et al.,
JHEP’16; Echevarria et al. JHEP’ | 6; Luo et al.,’ |9
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INFINITE TOP QUARK MASS LIMIT : OVERVIEW

Catani & Grazzini

» Class-b : to NNLO accuracy - use g,-subtraction method g/’

hh hh Pl < peto hh Pl prite
J-resummation
formalism
2
day), b (p%™)
W:H @@Q®BQ®@X 1+0( <5
Hard s v
function jet at
Banerjee et al. NLO for class-b
o MG5_aMC@NLO

TMD beam function Process

Soft functions independent

Gehrmann et al.PRL' 12, JHEP’ 14; Luebbert et al.,
JHEP’16; Echevarria et al. JHEP’ | 6; Luo et al.,’ |9
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INFINITE TOP QUARK MASS LIMIT : OVERVIEW

Catani & Grazzini

» Class-b : to NNLO accuracy - use g,-subtraction method g/’

hh hh Pl < peto hh Pl prite
J-resummation
formalism
2
day), b (p%™)
WZH @@g@aBg@@x 1+0( <5
Hard s v
function jet at
Banerjee et al. NLO for class-b
o MG5_aMC@NLO

TMD beam function Process

Soft functions independent

Gehrmann et al.PRL' 12, JHEP’ 14; Luebbert et al.,
JHEP’16; Echevarria et al. JHEP’ | 6; Luo et al.,’ 19

» Class-c : to NLO accuracy - MG5_ aMC@NLO
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INFINITE TOP QUARK MASS LIMIT : OVERVIEW

> Class-b : to NNLO accuracy - use g,-subtraction method &, * ™"

p’jl"h<p‘q,§t | :
_resummation ' gr-subtraction +—
Sl iHixs2+MG5_aMC -
formalism de Florian et al. [
da
hh _ b ®@ % B, ® @
Hard S F pp—hh+X
. =13 TeV
function vs=13Te
e UR=ME=Mpp/2
HEple PDF4LHC15_nnlo_30

mh=1 25 GeV

TMD beam function Proces

Soft functions  independ

Gehrmann et al.PRL’ |2, JHEP’ [ 4; Lueb
JHEP’16; Echevarria et al. JHEP’ 1 6; Luo

» Class-c : to NLO accuracy - MG5_ aMC@NLO
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THRESHOLD RESUMMATION : OVERVIEW

m
» Resummation is relevant at production threshold, defined as z = # — 1,

§
> Required due to threshold enhanced logarithms log(l — z)/(1 — z),, arising from soft

gluon emissions . .
my,, —> Higgs pair invariant mass

§ — partonic center of mass energy square
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THRESHOLD RESUMMATION : OVERVIEW

L : M,
» Resummation is relevant at production threshold, defined as 7 = — — 1,

\)

> Required due to threshold enhanced logarithms log(l — z)/(1 — z),, arising from soft

gluon emissions . .
my,, —> Higgs pair invariant mass

§ — partonic center of mass energy square

» At production threshold, the partonic cross section shows an exponential behaviour

Naively : the partonic cross section, Convoluted

exponential
(M, 7) = CO(M;%;Z)5(1 —2) %GXP<@(W‘}%}1’Z>5

\

. _ Soft logarithms
3-loop corrections Virtual + Universal, depends only on initial partons

Universal non-logarithmic soft contributions

AjjathA H HH at N3LO+N3LL 28-11-2022



THRESHOLD RESUMMATION : OVERVIEW

» Resummation is convenient to perform in Mellin-N space, where the convolutions

become normal products : N—1 7
r — — 15
AVN) = dz 277 oy(z, my,)
0
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THRESHOLD RESUMMATION : OVERVIEW

» Resummation is convenient to perform in Mellin-N space, where the convolutions
become normal products " 1 N ,

Ahh (N) = J dz z th(Z, mhh)

7> |=—p N-o v

(lnil_—zz) )+ . lnz(ﬁz) + ¢ ' ( 1 ) N = Nexp(r,)

2|
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THRESHOLD RESUMMATION : OVERVIEW

» Resummation is convenient to perform in Mellin-N space, where the convolutions
become normal products " 1 N ,

AC(N) = J dz 27 op(z,my,)

7> |=—p N-o v

(lnil__zz) >+ R lnz(lvz) + & + @<%> N = Nexp(yg)

> In the N-space, the master formula : a _
@ = py Polog N
T

AN, mR i, 1)

= <§0,0 + o+ oo+ ) exp((fo’%(as) + g1(@) In N+ g,(d) + a, g3(@) + -+
NKLL NXLO

N

\4
1
N-independent N-independent JllogN)

Process dependent
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THRESHOLD RESUMMATION : OVERVIEW

» Resummation is convenient to perform in Mellin-N space, where the convolutions
become normal products " 1 N ,

Ahh (N) = J dz z th(Z, mhh)

7> |=—p N-o v

(lnil__zz) )+ R ln2(1v2) + & + @<%> N = Nexp(yg)

> In the N-space, the master formula : a _
@ = py Polog N
T

(" )
AN mE i iP)| = (800 + agon + @Bos + ) - xp( Co (@) +81(@) NN+ gy(@) + a, (@) + - )

NkLL

= <§o,o + a8, + aS2§o,2 + ) ‘NkLOexp(gl(a‘)) In N+ g,(@) + a, g3(®) + >

\_ ,
[Sterman]

[Catani, Trentedue ]
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THRESHOLD RESUMMATION : OVERVIEW

» Resummation is convenient to perform in Mellin-N space, where the convolutions
become normal products " 1 N ,

Ahh (N) = J dz z th(Z, mhh)

7> |=—p N-o v

(lnil__zz) )+ R ln2(]v2) + & + @<%> N = Nexp(yg)

> In the N-space, the master formula : a _
@ = py Polog N
T

e \
A"S(N, m?,, up, up) = <§o,o +a,80; + G + ) OeXP<Co,g2(as) + g1(@) In N+ g,(d) + o, g3(d) + )

NkLL NkL

= <§o,o + a8, + aS2§o,2 + ) ‘NkLOexp<g1(d)) In N+ g,(@) + a, g3(®) + >

\_ ,
[Sterman]

[Catani, Trentedue ] l

Leading logarithm LL : resum terms a;z logn+1 N highest logarithms at each o, order
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THRESHOLD RESUMMATION : OVERVIEW

» Resummation is convenient to perform in Mellin-N space, where the convolutions
become normal products " 1 N ,

Ahh (N) = [ dz z th(Z, mhh)

7> |=—p N-o v

(lnil__zz) )+ R ln2(]v2) + & + @<%> N = Nexp(yg)

> In the N-space, the master formula : a _
@ = py Polog N
T

e \
A"S(N, m?,, up, up) = <§o,o +a,80; + G + ) OeXP<Co,g2(as) + g1(@) In N+ g,(d) + o, g3(d) + )

NkLL NkL

= <§0,0 + as§o,1 + 053?(),2 + ) ‘NkL exp(gl(d)) InN + 2,(®) + a, g5(d) + >

Q)

[Sterman] ‘

[Catani, Trentedue ]

l Next-to-highest

Next-to-leading logarithm NLL : resum terms C(;l lOgn N Iogarithmsdat each a;
order
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THRESHOLD RESUMMATION : OVERVIEW

» Resummation is convenient to perform in Mellin-N space, where the convolutions
become normal products " 1 N ,

A P(N) = J dz 27 op(z,my,)

7> |=—p N-o v

(lnil__zz) >+ R ln2(]v2) + & + @<%> N = Nexp(yg)

> In the N-space, the master formula : a _
@ = py Polog N
T

e \
A"S(N, m?,, up, up) = <§0,0 +a,80; + G + ) Oexp(i‘()@(as) + g1(@) In N+ g,(d) + o, g3(d) + )

NkLL NkL

= <§o,o + a8, + asz§o,2 + ) ‘NkLOexp<g1(d)) In N+ g,(@) + a, g3(®) + )
g M )

[Sterman] |

[Catani, Trentedue ]

l Next-to-next-to-

Next-to-next-to-leading logarithm NNLL : resum terms @, log" ! N highest logarithms
at each o, order

and so on...
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THRESHOLD RESUMMATION : OVERVIEW

» Resummation schemes : freedom to choose some N-independent part inside/outside the
exponent, up to a given logarithmic accuracy

» Depending on that we propose 4 schemes :
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THRESHOLD RESUMMATION : OVERVIEW

» Resummation schemes : freedom to choose some N-independent part inside/outside the
exponent, up to a given logarithmic accuracy

» Depending on that we propose 4 schemes :

¢ N scheme : N-independent term outside exponent

2 2 _ ~ = 2:
A?VCIS(N’ Mys Ui = (80,0 T 80,1 T A5800 T ) ‘

eXP(gl(a')) In N+ g,(@) + a, g;(@) + )

NkLL NkLO
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THRESHOLD RESUMMATION : OVERVIEW

» Resummation schemes : freedom to choose some N-independent part inside/outside the
exponent, up to a given logarithmic accuracy

» Depending on that we propose 4 schemes :

¢ N scheme : N-independent term outside exponent

A;VCIS (N, m;%ha ﬂ%) = <§0,0 + as§0,1 + a§§0,2 -+ ) ‘NkLO exp( g{(@) In N + (@) + a, g:(®) + )

NkLL

e N, scheme : Part of N-independent term, coming from Mellin transformation, is kept
within the exponent

AN, M 1) = ( Boo+ 4801 + @2Ton + ) - exp(éo,éz(as) + /(@) In N+ g,(®) + a, g3(@) + >

NkLL
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THRESHOLD RESUMMATION : OVERVIEW

» Resummation schemes : freedom to choose some N-independent part inside/outside the
exponent, up to a given logarithmic accuracy

» Depending on that we propose 4 schemes :

¢ N scheme : N-independent term outside exponent

2 2 _ ~ = 2:
A?VCIS(N’ Mys Ui = (80,0 T 80,1 T A5800 T ) ‘

eXP(gl(a')) In N+ g,(@) + a, g;(@) + )

NkLL NkLO

e N, scheme : Part of N-independent term, coming from Mellin transformation, is kept
within the exponent

AN, M 1) = ( Boo+ 4801 + @2Ton + ) - exp(éo,éz(as) + /(@) In N+ g,(®) + a, g3(@) + >

NkLL

e N scheme : Resum log N terms instead of log N, with N = Nexp(yr)

AN, 1)

= (go,o + o801 + aszgo,z + ) NkLOeXP<g1(C¢)) InN + g (w) + a; g3(w) + )

NkLL
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THRESHOLD RESUMMATION : OVERVIEW

» Resummation schemes : freedom to choose some N-independent part inside/outside the
exponent, up to a given logarithmic accuracy

» Depending on that we propose 4 schemes :

¢ N scheme : N-independent term outside exponent

A;VCIS (N, m;%ha ﬂ%) = <§0,0 + as§0,1 + a§§0,2 -+ ) ‘NkLO exp( g{(@) In N + (@) + a, g:(®) + )

NkLL

e N, scheme : Part of N-independent term, coming from Mellin transformation, is kept
within the exponent

ASWN,mp,pp)| = ( Boo+ 4801 + @2Ton + ) Oexp(éo,éz(as) + /(@) In N+ g,(®) + a, g3(@) + >

NkLL NkL

e N scheme : Resum log N terms instead of log N, with N = Nexp(yr)

AN, 1)

= (go,o + o801 + aszgo,z + ) NkLOeXP<g1(C¢)) InN + g (w) + a; g3(w) + )

NkLL

* N3 scheme : N,- scheme with resuming log N terms

Aﬁ;(Na m}%h’ M}%)

= <g0,o + a8y + a7 g, + ) OCXP<Co,g2(05s) +81(@) InN + g (@) + a; g3(@) + )

NkLL NkL
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RESUMMATION - SCHEME AMBIGUITIES

34F 13 TeV, po=mu/2
32F
300 i
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— B .?&
©26F | 1
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N [— N, —— N;
22F — N, — N
1 1 l ' ' I
\ \ SIS
W\’ 0><S OX$$ X v
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RESUMMATION - SCHEME AMBIGUITIES

34 13TeV, po=mp/2 .
32+ ﬁ -
o 28F ' .
N [ Iﬁ-
©26F | A -
24[ _ b
: N, — N,

22F N, — N -

| ] ] ] | ]

O Y QY v

AR voxsvo oo
= $g\» <V
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RESUMMATION - SCHEME AMBIGUITIES

; NLO+NLL is close to NNLO
: for N, & N, schemes
24[ _ :
E """""""""""""""" Nl """""""""""" Nl
22r e Ny — Nz =
L1 1 | | I
ANDO b b oV
P 0 OF
S
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RESUMMATION - SCHEME AMBIGUITIES

348 13 TeV, po=mpy,/2 .
321 N
N I ? .
30F T JT ‘ .
o© 28F h
— R Iﬁ_
©26F | A -
24[ _ -
E """""""""""""" Ny, — N,
22r _ Nz N2 B
I | | ,
Q) \S \S \Y!
QAR
S
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RESUMMATION - SCHEME AMBIGUITIES

i N2LO+N2LL very close to N3LO in
S I | NN T~ L » N &N, schemes
24f _F .
E """"""""""""""" Ny — N
22 N, N, -
| ] ] | ] |
O \S \S
T S e vy
W (O O
S
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RESUMMATION - SCHEME AMBIGUITIES

34F 13 TeV, po=mm/2 .
32} :
i ! | .
301 I S S
o 28f - _
o 5 ; E‘ ) N, & N, are on equal footing.
6 T | - We choose to work with N, scheme
24 [ . N Bonus : symmetric error bar
S N N,
2k _ L N°LO + N’LL in N, or N,
— N — Ny
2 - schemes could be extrapolated to
' QI 0' \') \') \') predict N*LO
@év OXS‘) x$$‘) xéjv
M (O O
o> L
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RESUMMATION - SCHEME AMBIGUITIES

341 13TeV, po=mp/2 -
32F . .
I AR I .............. | ... iﬁ ...... R » Good perturbative convergence at N3LO
30F 11 It ceeeeeeed
2 28F : _
° ) ‘?* . N, & N, are on equal footing.
6 -1 - We choose to work with N, scheme
24 [ . N Bonus : symmetric error bar
S R NTE— Ny 3
nk _ . - N?LO + N°LL in N, or N,
— N 2 schemes could be extrapolated to
' QI 0' \') \') \') predict N*LO
$§g\$‘) 0><$‘) x$$‘) <V
W (07 O
o> L
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RESUMMATION - SCHEME AMBIGUITIES

34F 13 TeV, pp=mpm/2
32F ' :
P PP R I .............. | ouebELt LLCCIELREECLLLLL LR LI IIREEEECLL » Good Perturbative convergence at N3LO
30F [ 1 ‘ h ‘
S 28 _
© - I N, & N, are on equal footing.
6 T | We choose to work with N, scheme
24 L B Bonus : symmetric error bar
= — N
2k _ N’LO + N°LL in N, or N,
N2 schemes could be extrapolated to
' QI 0' \') predict N*LO
\%
@é‘) 0><$0X$
$\)$$\» ¥

Florian, Mazzitelli

» Our results at NNLL in N, scheme are verified with 1505.07122 JHEP'I5

» With same numerical setup, the resum results for gg — H are verified with 1603.08000
Bonvini, Marzani, Muselli,
Rottoli JHEP' 16
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INFINITE TOP QUARK MASS LIMIT : RESULTS

Inclusive cross section

in unit of fb central scale po = =3~
Order N*LO+NFLL
Vs [TeV] N*LO —
k Ny scheme Ny scheme
+31% +32% +36%
0 | 13.80731% | 16.01732% | 21.02730%
+18% +10.8% +12.6%
" 1| 25.81118% 130.047105% | 29.361 1%
+5.3% +2.5% +3.0%
2 | 30417330 | 31.51720% | 31.21730%
+0.50% +0.84% +0.88%
3 31.31_2'8% 31.37_0'49% 31.35_0'85%

------------------------- 10* L PDFALHC15_nnlo_30 -
_________________ £ Central scale: pg = piy = mp,/2 3
10% | - - my =125, m, = 173
3 N>-resum scheme
_ 10" E E
re) - : 3
‘*.;.102 L ,_-e r ]
o) ~ L i
pp—hh+X 5 LO+LL PDF4LHC15_nnlo_30
Miy/4<UR, F<Mhh 10° NLO+NLL . Central scale: g = jp = my/2 NNLO+NNLL
10 PDF4LHC15_nnlo_30 LO &1 | 3 _ : mp = 125, m, =173 NLO
0 m,=125 GeV NLO I NNLO+NNLL ] N,-resum scheme N3LO+N3LL
m=173 GeV NNLO [ NPLO+NPLL .
N°LO B 10" L :
' PETTERR T | FFTETTTET Logassay | FETREERET | FETEERRET | TR | FFTRTTRET | FETETRTET | TR 3 .J ' ! ' ' ' ! ' ' ' ! ' ' ' ! ' ' '
E"I """"" THH THHHH i THHHH THHHHH THHHH THHHH THHHHH C : ' : : =
1E == ; mj 1.05E ] E 1.02 i
(@] E Z.
S08F 3 + S
B 06 E 3 Z : ©
: { L 2 ] B
04 é‘ -: B 0.85 :1 1 1 1 1 1 L 1 1 1 1 1 1 1 1 1 1 1 ] 0'94 ; ' ; ; ; ! l ! ' ' . * * . . . ! *
ol Lo Lo, Lo Lo Lo Lo Livisiin Loviininas 20 40 60 80 100 20 40 60 80 1 OO
10 20 30 40 50 60 70 80 90 100 /_
\/§[T9V] \/: (TeV) A/ s (TeV)
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INFINITE TOP QUARK MASS LIMIT : RESULTS

Inclusive cross section

in unit of fb central scale po = =3~

5 ITeV Order NFLO N*LO+NFLL » Prominent QCD corrections
S (&
k N5 scheme Ny scheme ® LO — NLO: (87% , 84%)
0 13.80+31% 16.01+32% 21.02-}-36% ® NLO — NNLO: (18%, 16%)
e s By ® NNLO — N°LO: (3%, 2.7%) at (13, 100) Tev
+18% +10.8% +12.6% - : 0, 2./7
, 1| 25.81718% | 30.047108% | 99 36+1%0 NLO s NNLO AL |
) .
+5.3% +2.5% +3.0% - + : (3%, 1.7%
R D el ® N3LO — N3LO + N°LL : (0.13% , 0.11%)
0.50% 0.84% 0.88% - - V. 1970, U1 170
3 3131702070 | 31371 %0 | 31357 5oy

® NNLO + NNLL — N3LO + N°LL :(0.5% , 1.14%)

------------------------- 10 L PDFALHCI5_nnlo_30 -
_________________ - Central scale: pg = pp = mpp/2 b
e == - my,=125,m,= 173
3 N;-resum scheme
= 10" ¢
=2k a -
o 10° ¢ é r ]
pp—~hh+X o ] LO+LL T PDF4LHC15_nnlo_30
mhh/4<uﬂ,u|:<mhh 102 = NLO+NLL 3 Central scale: HR = HF = mpn/2 NNLO+NNLL
. PDF4LHC15_nnlo_30 LO &1 | 3 _ : mp = 125, m, =173 N*LO
m,=125 GeV NLO 3 NNLO#NNLL N»-resum scheme N*LO+N’LL
mt=1 73 GeV NNLO o N3LO+N3LL ]
N°LO B 10" L :
aaleeeiiin | T | T | T | T | TR | T | T | T 3 ._] ) ! ) ) ) ! ' ' ' ! ' ) ) ! ) ' '
g"l """"" LRARAAARRA IRAARARAR LRARRAARR pre LRARRAARAA LRARAAARAN e LRARARARRN 4 : — : : : 3
1E - i S 1.05f h ‘ 1.02 -
O | E Z o
z SRR — Z 0.98
T 06E z f ©
E ; © - ~ -
0 4 ;_ _; B 0'85 .- -.. b 0.94 1 1 1 1 1 1 1 1 1 1 1 1 1 1 | 1 1 1
E..I ......... L L L L L o N L will | 210 11 4lO 1 L1 610 11 810 1 1 1100 20 40 60 80 100
10 20 30 40 50 60 70 80 90 100 /_
\/§[T9V] \/: (TeV) A/ s (TeV)

AjjathA H HH at N3LO+N3LL 28-11-2022

11



INFINITE TOP QUARK MASS LIMIT : RESULTS

Inclusive cross section

in unit of fb central scale po = =3~
Order N*LO+N*LL :
Vs [TeV] N*LO » Scale reduction to percent-level
k Ny scheme N5 scheme
+31% +32% +36% o N3 3 3L - i
0 13.80151% 16.01152% 21.02730% N°LO — N°LO + N°LL : factor 2 reduction
+18% +10.8% +12.6% ® NNLO — N’LO : factor 4 reduction
3 1 25.817 1500 | 30.047 1055 | 29.36F %0 o . el
+5.3% +2.5% +3.0% cale uncertainty: sub-percent leve
2 | 3041723% | 31.51720% | 31.21430% y: sub-p
3| 3L31F050% | 313708507 | 31.3510%5% | » PDF uncertainty (3%) > scale uncertainty

------------------------- 10 L PDFALHCI5_nnlo_30 -
_________________ - Central scale: pg = pp = mpp/2 3
e == - my, =125, m, =173
‘ 3 [ No-resum scheme
= UN
=10% t é
o) ~ L
pp—hh+X o LO+LL PDF4LHC15_nnlo_30
mhh/4<uﬂ,u|:<mhh 102 = NLO+NLL 3 Central scale: HR = UF =mpp/2 NNLO+NNLL
. PDF4LHC15_nnlo_30 LO 3 _ : mp = 125, m, =173 NLO
m,=125 GeV NLO 3 NNLO+NNLL N»-resum scheme N*LO+N’LL
m=173 GeV NNLO W N°LO+N’LL
N3LO = 10" i
E::}:::::::::{:::::::::{:::::::::}:::::::::}:::::::::{:::::::::{:::::::::{:::::::::}::::::::: \ . \ . ] j ' l l I
E 3 T 1 T I
1E S = : =105k ] > 1.02 i
2 +
S08E - [ S
B 0.6 _ ';z [ LS
3 [ . © -
04 ? g B 0.85 :1 [ [N TR TN N NN SR TR SO N TN NN SR S S N1 ] 0'94 . v l l l l R e— I ' I '
ST T e —— T T e T T T 20 40 60 80 100 20 40 60 80 100
10 20 30 40 50 60 70 80 90 100
\/§[T9V] \/: (TeV) \/: (TeV)
HH at N3LO+N3LL 28-11-2022 11

Ajjath A H



do/dm,,, [fb/GeV]

INFINITE TOP QUARK MASS LIMIT : RESULTS

Invariant Mass distributions

0.01 F "

—

dO/doNsLO
o
(0]

0.03 |

0.02 F |

..................................................................................................

pp—hh+X
Vs=13 TeV
Mpy/4<UgUp<Mpn
PDF4LHC15_nnlo_30 ]
my=125 GeV ‘

o
o
e

........................................................................................

o
H
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7300 400 500 600 700 800 900 100011001200
my;, [GeV]

Ajjath A H

» Shape of the distribution is almost unchanged

» Significant scale reductions with good perturbative

Convergence

L 13TV LO+LL
. 0.05 T 1 NLO+NLL
> - ;
2 0.04f I NNLO+NNLL
5?2 X 4 Wl N’LO+N’LL
< 0.03f '
Soo0ff ThE.
2 e Fiee
o X

0.01F

do/doN3Lo +N°LL
() () [E— [
o © o =

Inclusion of higher order stabilises

the invariant mass distribution

1000

600 800
mpun (GeV)
HH at N3LO+N3LL

TN

1200

__0.05f ]
> : PDFALHCI5 nnlo_30
@) 0.04_ Central scale: pr =pr = mhh/2
S - my, = 125, m, = 173
‘; 0.03F N>-resum scheme
<=
g 0.02F 1 NNLO+NNLL
g L NLO
0.0l mm NLo+N°LL

= 1.04 -—mi l ——+—+—1 ]
Z. e —
+

S 1.00

& |

= 09+

b [ 1 1 1 1 1 1 1 1 1 1 1 1 1 1
e 400 600 800 1000 1200

mpp (GeV)
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WITH TOP QUARK MASS EFFECTS

> To improve the results at large m,-limit, they are combined with the finite top quark

mass effects. Not unique! Different approximations

> For N°LO following approximations are considered
N&LO infinite top-quark mass limit
With

> l Chen, Li, Shao,
Wang ( JHEP’20)
NILO full top-quark mass dependence

AjjathA H HH at N3LO+N3LL 28-11-2022
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WITH TOP QUARK MASS EFFECTS

> To improve the results at large m,-limit, they are combined with the finite top quark

mass effects. Not unique! Different approximations

> For N°LO following approximations are considered
N&LO infinite top-quark mass limit
With

> l Chen, Li, Shao,
Wang ( JHEP’20)
NILO full top-quark mass dependence

Only improve leading mt expansion
) l term
e N*LO®N'LO,,,: (oN LOON'LOm, _ dng\rTthLO 4 doNFLO  _ 4 N'LO  missing top mass in correction

m¢—r 00 mt—r 00
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WITH TOP QUARK MASS EFFECTS

> To improve the results at large m,-limit, they are combined with the finite top quark

mass effects. Not unique! Different approximations

> For N°LO following approximations are considered
N&LO infinite top-quark mass limit
With

> l Chen, Li, Shao,
Wang ( JHEP’20)
NILO full top-quark mass dependence

Only improve leading mt expansion
) l term
e N*LO®N'LO,,,: (oN LOON'LOm, _ dng\rZLO 4 doNFLO  _ 4 N'LO  missing top mass in correction

m¢—r o0 m¢—r 00

do?  Born mass improved
) doLO for correction

m¢—r00

k . AN/ l NELO NLO
[ NkLOB_i@NlLOmtI dO'N LOg_i®N Lomt = dO'Tl\rILtLO + (damtzoo _ damtzoo
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WITH TOP QUARK MASS EFFECTS

> To improve the results at large m,-limit, they are combined with the finite top quark

mass effects. Not unique! Different approximations

> For N°LO following approximations are considered
N&LO infinite top-quark mass limit
With

> l Chen, Li, Shao,
Wang ( JHEP’20)
NILO full top-quark mass dependence

Only improve leading mt expansion
) l term
e N*LO®N'LO,,,: (oN LOON'LOm, _ dng\rZLO 4 doNFLO  _ 4 N'LO  missing top mass in correction

m¢—r o0 m¢—r 00

) do?  Born mass improved

k l . NFLOg_i®N!'LO, N!LO NELO  ; NLO :
e N*LOB_i®N'LOy,: do Boi® t = doy, +(d0mz=oo A0mi=cc ) doLO for correction

. , . l l OdaNkLO Lo . : doN'LO
. N*LO®N'LO N'L m¢—» 00 N'L N*LO N'LO L A
e N*"LO®N'LO,,,: do ™t = do,,, NTLO do,,, +(d0mt=oo —damtzoo) ToNILO
Umt—>oo m¢—»00

Same K factor for mass
correction
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WITH TOP QUARK MASS EFFECTS

» To improve the results at large m,-limit, they are combined with the finite top quark

mass effects. Not unique! Different approximations

> For N°LO following approximations are considered
N&LO infinite top-quark mass limit
With

> l Chen, Li, Shao,
Wang ( JHEP’20)
NILO full top-quark mass dependence

Only improve leading mt expansion
N l term
N*LO®N'LO,,,: JoN LOONLOm, _ dng\:tLO + doNFLO _ 4, N'LO  missing top mass in correction

m¢—r o0 m¢—r 00

) dorO  Born mass improved

k l . NFLOg_i®N!'LO, N!LO NELO  ; NLO :
N*LOB_iON'LOy,,: do Bt t = doy,, +(d0mt=00 A0, =0 ) 4oL for correction

( )
k l k 'LO l OdO'NkLO 1,0 k 1 daNlLO
. 1 NFLO®N'LOm, _ 7 -NLO%mi—oco _ ; NI NKLO NLo ) Zfme
e N*LO®NI!LO,,,: do L= dop, O s = don, + (0N, — doN 10 ) ——ito—
Umt—>oo Mt —00
Same K factor for mass
correction
. J
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WITH TOP QUARK MASS EFFECTS : RESULTS

NLO,, is 6.8% larger than

N3LO
Vg 13 TeV 14 TeV 27 TeV 100 TeV
F14% 1% 2% 3%
NLO,,, 27.56;5139(@770 32.64;5126(270 126.2;31%(gg 1119;51%?70
NNLO®&NLO,,, 32.161228;‘; 38.2912285 157.313:55‘3 1717;11'26@0
NNLOg_i®NLO,, 33.08;%1:2;‘; 39.161?85‘; 150.8125;2 133011:%2
NTLO@NLOW 32.471522%;2 38.42;??;2 147.612:85 1298;511252
13\1 LO®NLO,,, 33.064__%:8;2 39.401%:852 163.313:%2 1833;22%(é
N I;OB—i@NLomt 34.17—:04:666(‘7; 40.44?61 :674?; 155’57:05:503%; 1372?05:501?;
NSLO®NLO,,, | 33.43+0:99% | 30.567961% | 151.7+0:23% | 13337051%
N°LO ® NLO,, : most accurate out

of three above approximations

® 20% for NLO,, — NNLO ® NLO,, At | 3 TeV

NLO | at 13TeV - POWHEG
m;— oo
Heinrich et al.
JHEP’I9

0.25 [ :

s pp—hh+X
< Mpp/A<UgUp<Mpp
) . PDF4LHC15_nnlo_30 1
% 0.15 _ mh=1 25 GeV ]
=, s m=173 GeV ]
c N’LO®NLO,,, ~
< N°LOg @NLO E
& 0.1 3 B m; ]
S N°LO®NLO,,, I ]
o) . NI-omt (o
© r ! ]

0.05 |

14 ;_..II|IIIIIIIII|IIIIIIIIIlHHHlHlHH ""IIIIIIIIIIiHI .......
: —— 5
9. | e
ZDE 1.2 wgum\\ (L1 L AR
RS : ]
B ;
© 1F .

300 400 500 600 700 800 900
my;, [GeV]

AjjathA H

HH at N3LO+N3LL

» Scale uncertainty within 3%

28-11-2022

> Enhancement: 4 3¢ ¢. - NNLO ® NLO, — N°’LO® NLO,,
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WITH TOP QUARK MASS EFFECTS : RESULTS

N3LO+N3LL

For N3LO+N3LL, we consider only the NLO-improved approximation:

NG 13 TeV 14 TeV 27 TeV 100 TeV
NLO, 27.567159% | 32.647155%, | 126171050 | 111973077
(NNLO + NNLL) ® NLO,,, 33.33730% | 39.42730% | 150.8727% | 1320720
N?LO @ NLO,, 33.4370°00% | 39.5670507% | 151770307 | 1333F0 507
(N’LO + N’LL) ® NLO,,,. 33471050 | 39.6070%% | 151.9700°% | 133510 00"
_020F 13 Tev _ NLc;ml o ] > Enhancement: At |3 TeV
% - (NOSNWINOw § @ 21% for NLO,, — (NNLO +NNLL) @ NLO,,
S B (NLO+N'LL)®NLO, ® 0.4% for — (NNLO + NNLL) ® NLO,, — (N°LO+N°LL) ® NLO,,
= 0.10¢ > Scale uncertainty :
E 0.05F o (NNLO+NNLL) ® NLO,, ~ 3%
° (N3LO + N3LL) &® NLO,,, : sub-percent level
1.2

do/doNEOm.
o

U TN TN TN SN TN TN TN U AN TN TN SN SN AN U NN NN SN NN S SN SN SN SN SN U S

3(1)0 400 500 600 700 800 900
mp (GeV)

S
o0
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SUMMARY & OUTLOOK
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SUMMARY & OUTLOOK

» For the Higgs pair productions through gluon fusion channel, in the large top mass limit, we

have the N°LO calculations (Cpﬁfjigﬂ'ag’;’vmang , which further extended to N°LO + N°LL
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SUMMARY & OUTLOOK

» For the Higgs pair productions through gluon fusion channel, in the large top mass limit, we

have the N°LO calculations Chen, Li,ShaoWang which further extended to N°LO + N°LL
(PLB"20, JHEP"20)
» Observations :

® Prominent QCD corrections: 3% improvement in central value at N3LO from NNLO,
scale reduce by factor > 4!

® N’LO + N°LL achieve sub-percent level scale uncertainty

® Pretty good asymptomatic perturbative convergence at N°LO
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SUMMARY & OUTLOOK

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

» For the Higgs pair productions through gluon fusion channel, in the large top mass limit, we

have the N°LO calculations gLerj’z('ai’Jls_lhag’;’Vmang , which further extended to N°LO + N°LL

» QObservations :

® Prominent QCD corrections: 3% improvement in central value at N3LO from NNLO,
scale reduce by factor > 4!

® N’LO + N°LL achieve sub-percent level scale uncertainty

® Pretty good asymptomatic perturbative convergence at N°LO

> To improve the finite top quark mass corrections, we reweight the NLO,, with higher order K-
factors in three different ways: (N°LO @ NLO,,, N°LOg_; @ NLO,,, N°LO ® NLO,,, )

°* N°LO ® NLO,, captures the best scale uncertainty, with 3% improvement in QCD
corrections

® (N3LO - N3LL) (%) NLOmt captures sub-percent level scale uncertainty

Ajjath A H HH at N3LO+N3LL 28-11-2022 16



SUMMARY & OUTLOOK

» Mass scheme uncertainties : (-4%, 18%). Not expected to improve from our results

» Further improvement in the results could be achieved by combining our results with the most
advanced finite top mass approximation - NNLOg
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SUMMARY & OUTLOOK

» Mass scheme uncertainties : (-4%, 18%). Not expected to improve from our results

» Further improvement in the results could be achieved by combining our results with the most
advanced finite top mass approximation - NNLOg

At |3 TeV

(N’LO + N°LL)
NNLO

— 0.88%
x NNLOjp = 31.79+088%

j > - .
Scale reduction by factor > 4 5% missing top mass corrections

3 3 . 0.88%
NNLOg; : 31.05+22% (NLO + N°LL) @ NLO,,, : 33.47+)55%
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SUMMARY & OUTLOOK

» Mass scheme uncertainties : (-4%, 18%). Not expected to improve from our results

» Further improvement in the results could be achieved by combining our results with the most
advanced finite top mass approximation - NNLOg

At |3 TeV

(N’LO + N°LL)
NNLO

— 0.88%
x NNLOjp = 31.79+088%

j > - .
Scale reduction by factor > 4 5% missing top mass corrections

NNLOg : 31.05+22% (N°LO +N°LL) @ NLO,, : 33.47{50

THANKS FOR THE ATTENTION !

Ajjath A H HH at N3LO+N3LL 28-11-2022 17
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INFINITE TOP QUARK MASS LIMIT : CROSS CHECKS

Chen, Li, Shao,Wang
(PLB’20, JHEP’20)

O( 5) v At least two independent calculations

2) v Orthogonal check with NNLO ggHH

v Check piece-by-piece

LO | NLO [NNLO|N°LO
total |{O(aZ) | O(az)| O(as
a_ [O(az) JO(as)|[O(ad)[O(a
b | 0 [0@)[oaho
C 0 | 0 O(QQI»LO(QS
NLO NNLO N3LO
order O(a?) O(ad) O(a)
THI1Xs2 THIXs2 1H1XS2
a qr-subtraction | gp-subtraction
MG5 AMC
b gr-subtraction | gp-subtraction
MG5 AMC
qr-subtraction
¢ MG5 AMC

Ajjath A H

HH at N3LO+N3LL

28-11-2022 19



CLASS B - pvem INDEPENDENCE
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CLASS AB.C
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THRESHOLD RESUMMATION : OVERVIEW

> Perform Inverse mellin transfrom numerically to get the real space cross section

» To avoid double counting, Matching procedure :

3 3 3 3
GN LO+N’LL _ {GN LL _ UN LL

|

Improves the predictions
with missing higher order
logarithmic terms.

4 O.N3LO
O(a?)

AjjathA H HH at N3LO+N3LL 28-11-2022
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INFINITE TOP QUARK MASS LIMIT : RESULTS

Other differential distributions

Chen, Li, Shao,Wang
(a 1),N3LO . (PLB"20, JHEP'20)

> Approximated N°LO differential distribution: do; is not known

dO.AN3LO da(a,l),NNLO (a,1),N3LO do (a 2),N3LO do b,NNLO do_c,NLO

—| ——hh Thh + 4 Thh 4 Yhh Known
dO dO }(l y 1),NNLO dO dO dO
Using g,-subtraction Need knowledge of fully-differential N3LO
method ggH
12 - LO
,1),N3LO 1),NNLO 1),N3LO [ Thoaiste
Chen et al A . ] do-}(la]:b ) ZJ d (CL ) }('I,C]l’ll ) 10 8 .\nfn:rr 2014 NNLO % §77Z] NNLO
(PRL21) ssumption : 10 ~ dO _(@I)NNLO |
Thh ~8r
1) ( 2) It is justified given the extremely § |
do®, = do® do’ fat K-factor for 4% 't
Oph = @Oy~ + — |
(a,l) _ a e RN
d hh  — dopy, ) °["" Dulat, Mistlberger, Pelloni (PRD’19)
Chh_>0h \ - | ! ! ! L ! 1

Y 7/ //é/z?/'///;///

ownzo/dY [ dowsiofd)
\“1\\\&
‘\\
§
§
§
| @
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INFINITE TOP QUARK MASS LIMIT : RESULTS

Other differential distributions

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Chen, Li, Shao,Wang
(PLB"20, JHEP20)
2 J— I N I I ——— T e T AAMLAAAAN P AAAAAAAAK AARAAAAA AAAAMAAA T AAMMAAMA
- pp—hh+ ] 1
 /o=14 TeV E 107 ¢ 00
[ Mpp/4<uig, Wp<Mp, \ ] < [ NLO &1 ]
15 FPDF4LHC15_nnlo_3f ” O NNLO '
= - m, =125 GeV Q . ANLO =@ |
= [m=173 GeV = S |
£ 10} 1 =102} s=14 TeV e 3
5 Los 4 < : Mpr/4<Ug, Up<Mpp ATABAAN ]
= : NLO : & PDF4LHC15_nnlo_30 RN
© : ‘ Al\ll\llgll:g : S mp=125 GeV ]
5 “N 103 m=173 GeV
107 ¢ E
[ N ]
0 p+A aaas: N - FHH HrHH I:::::::::::::::::::::::::::::::::::::::::::::::::}:::::::::}:::::::::g
R E 1 N T
5 ' I - HTITARTATTE
08¢ 208
3 3
S 06 F . % 0.6 E
© : E ©
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INFINITE TOP QUARK MASS LIMIT : RESULTS

Other differential distributions

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

NLOm: from Powheg, Heinrich et al. JHEP’ |19 Chen, Li, Shao, Wang
(PLB’20, JHEP’20)
""""" B AL B B B R B L 100 3
15 :
I NNLO®NLOm ] 107 NNLO®NLO,, il
AN®LO®NLO,, |:| ] = AN®LO®NLO,, -
_ - NLOm: = ] 3 N|_om =
= ot 3 107 ;
0 - — = pp—hh+X
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INFINITE TOP QUARK MASS LIMIT : RESULTS

Inclusive cross section

> Non trivial scale cancellation occurs due to operator scale mixing

rel. scale unc.
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Zoller (JHEP’16)

Class-b with including class-(a,2)
further reduce the scale uncertainty
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INFINITE TOP QUARK MASS LIMIT : RESULTS

Inclusive cross section

- 13 TeV, po=mp/2 . F 14 7TeV, po=my/2 :
- 1 42+ -
] ' # 1 of : at |4 TeV
! 1 VF 1 ]
: ) [ i +0.85% +0.08%
C 1 36 - ON3LO-+NS3LL — 3870 (_ . fb
N ] C ] + 0.87% scale 0.39% scheme
C 1 33C N
N L 1 n C i 4 .
s 1 30f ;
g — Ny — Ny 1 :
- _ 1 27E PDF4LHC15_nnlo_30 2
- — N, — N 7 B my = 125, m, = 173 1
[ i [ i Order N*LO+N*LL
1 PDF4LHCI5_nnlo_30 Ll L ' L Vs [TeV] NFLO — —
=123, me =173 i ] k N; scheme | Ny scheme | Nj scheme | Ny scheme
oo 2T TEYs oS mung ‘_ p 1007TeV, po=muw/2 ] 0 | 1380731% | 16.01%32% | 16.01+32% | 21.02+36% | 21,02+36%
4500 - 1 i 22% 23% 23% 24% 24%
[ ! F o i t r o 3 1| 2581188 | 27072 L% ) 30.047108% | 26.30T5407 | 293671507
- 14200 § . 2 | 30417250 | 3074737 1 31.51725% | 30,200 20% | 31,2113 0%
i ] I ] 3| 313179500 | 31341000 | 3137108 | 31.237050% | 31.3510 85
- 13000[ 1 . . . . .
. 4 ] i i ) 0 | 17.06%35E | 19727320 | 1972732 | 258055k | 25,8050
L - i A i
- ~3600 | 1 . 1 31.89118% | 33.52112%, | 37037107 | 32,4210 | 36197120
i i i ] 2 | 37557520 | 37.9373TH | 3888t A% | 37.28T1 | 3852130
B 13300 -
[ ] - 1 3| 38.651050% | 38.691020% | 38.731081% | 38.551050% | 38.7010 80
L1 1 1 1 1 C L1 1 1 1 1 ]
+26% +27% +27% +29% +29%
@%\@\p SV < SV oV $\%\)§\p SV < SV oV 0 | 98.227%% | 1106727 | 110.67270¢ | 1411720 | 1411720
A O 00X L OF O oX .(OF +16% +11.9% +10.6% +13.5% +12.0%
2\ RN 2\ RN . 1 183.0116% | 190.0711:9% | 208.6710.8% | 18.41F13:5% | 204.2F 1207
2| 21420888 | 2157837 1 920.7722% | 21237158 | 218.9+27
3| 220.2%035% | 220.31040% | 220.610°7% | 219.610 77 | 220.41063%
0 20151000 | 219519% | 2195019% | 2697721 | 269721
100 1 3724118 | 3813 1L | 4138100 % | 37001 AF0 | 40607 LY
2| 43227120 | 43387800 | 4424109% | 4283112 | 43947240
3| aas9rg | amon | aaas T | g | aaaar i
A”ath A H rri dt INOL\J TINJLL LO-1 1-LVLL -




INFINITE TOP QUARK MASS LIMIT : RESULTS

Inclusive cross section
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» Largest deconstruction between

. hhh

two LO diagrams at > 2
ASM
hhh

» N3LO corrections only marginally
distort the NNLO predictions
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