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HIGGY SELF COUPLINGS

* Undoubtably important to measure Higgs self couplings

- Unique way to understand the Higgs potential
—— = EW symmetry breaking
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HIGGY SELF COUPLINGS

* Undoubtably important to measure Higgs self couplings

- Unique way to understand the Higgs potential
—— = EW symmetry breaking

* Phase transition in the (very) early Universe

——— SM: no phase transition (crossover)
Kajantie et al. (1996); Csikor et al. (1998)
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HIGGY SELF COUPLINGS

* Undoubtably important to measure Higgs self couplings

- Unique way to understand the Higgs potential
—— = EW symmetry breaking
* Phase transition in the (very) early Universe

——— SM: no phase transition (crossover)

Kajantie et al. (1996); Csikor et al. (1998)
* The fate of our Universe: stable vs metastable vacuum !
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Degrassi et al. (2012)
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HIGGY SELF COUPLINGS

* Undoubtably important to measure Higgs self couplings

- Unique way to understand the Higgs potential
—— = EW symmetry breaking

* Phase transition in the (very) early Universe

——— SM: no phase transition (crossover)
Kajantie et al. (1996); Csikor et al. (1998)
* The fate of our Universe: stable vs metastable vacuum !

 Trilinear coupling as first target to be measured precisely
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HIGGY SELF COUPLINGS

* Undoubtably important to measure Higgs self couplings

- Unique way to understand the Higgs potential
—— = EW symmetry breaking

* Phase transition in the (very) early Universe

——— SM: no phase transition (crossover)
Kajantie et al. (1996); Csikor et al. (1998)
* The fate of our Universe: stable vs metastable vacuum !

 Trilinear coupling as first target to be measured precisely
How much precision is needed for BSM purposes ?
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HIGGY SELF COUPLINGS PT

* Undoubtably important to measure Higgs self couplmgs

- Unique way to understand the Higgs potential
—— — EW symmetry breaking

* Phase transition in the (very) early Universe

——— SM: no phase transition (crossover)
Kajantie et al. (1996); Csikor et al. (1998)
* The fate of our Universe: stable vs metastable vacuum !

 Trilinear coupling as first target to be measured precisely
How much precision is needed for BSM purposes ?

-
Raman Sundrun BSM Wishlist (Snowmass2 | EF meeting)

Strong first order PT General EW PT distinguish SM crossover

OAnnh 2 10% OAnpn < 1% OALRR ™ ()%)

.
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HIGGY SELF COUPLINGS

* Undoubtably important to measure Higgs self couplmgs

- Unique way to understand the Higgs potential
—— — EW symmetry breaking

* Phase transition in the (very) early Universe

——— SM: no phase transition (crossover)
Kajantie et al. (1996); Csikor et al. (1998)
* The fate of our Universe: stable vs metastable vacuum !

 Trilinear coupling as first target to be measured precisely
How much precision is needed for BSM purposes ?

-
Raman Sundrun BSM Wishlist (Snowmass2 | EF meeting)

Strong first order PT General EW PT distinguish SM crossover

OAnhn 2 107 OAnnn < 1% OAnhn ~ 07

—)
e

Perturbation theory breaks at scale 55— Changetal. (2019)
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HIGGS BOSON PAIR PRODUCTION

o(pp — HH + X) [1b]
M =125 GeV
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HIGGS BOSON PAIR PRODUCTION

o(pp — HH + X) [fb]
M,, = 125 GeV
PDF4LHC15
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HIGGS BOSON PAIR PRODUCTION P

NI RCACS

At 14 TeV:

o(pp — HH + X) [f0] ; oN'LO = 54.72 pb

My, =125 GeV il arXiv:1902.00134
PDF41L. HCI15 |

I Illlllll

NNLOFT,pprox
E O-hh PP — 36.69 fb

arXiv:1910.00012

I “.I llllll

VBF (N°’LO) trHH (NLO)

: NLOFT pprox

arXiv:1408.6542

=
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arXiv:1910.00012
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30 50 70 100
Vs [TeV]
Cross sections for hh(h) increase by a factor of 20 (60) at 100 TeV
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PROBING HIGGS SELF COUPLING

* The self-coupling value can be

extracted by measuring the cross

arXiv:1401.7340 sections.

HH production at 14 TeéV LHC at (N)LO in QCD
M,=125 Gev,[MsTw2008 NLOpat 68%c) ]  However:

* Interpretations of these bounds in
terms of BSM always need

additional assumptions on how
the SM has been deformed.

* The most commonly assumption
is only changing the value
of Akhh, which leads to

(differential) cross section
variations

MadGraph5_aMCENLO

g = OSM[l + (KZ)\ — 1)A1 + (K?\ — I)AQ]
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THE MEASUREMENT)

Ahhh

a59f'(13 TaV)

95% CL upper lmits
| — ORrrrved
. = = Madian expectad
B 69% expected
[ 95% expecied

=== Exp. 95% CL limits

= Cbs. 95% CL limils

1 TIIIII1
AL L il

— bbbb

o(pp->HH) [fb)]

8 £

1§ Theoretal Prediction

Uagr (PP = HH) [pb]

1 IIIIIIII
1 1111“1[

Allowed x . Interval
at 95% CL
Obs Exp

\ . Comb. 2% (exp.)
(Exp. stat) ),

| ATLAS
-50-120 | -58-120 1} | 3=13 TeV
53-15 1/ 275-3611"
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Theory prediction

—0.0 < k) < 12 —11.8 < k) < 18.8

m Strong shape effects with k) variations

m Soft spectra for k) = 5 — difficult to constrain anomalous positive values
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A QUICK INTRODUCTION

de Bl.als‘ et a!.](a]er: 1905.03764) Higgs@FC WG Soptember 2019 Caterina Vernieri (Showmass2 | EF meeting)

et I L di-Higgs single-Higgs
HL-LHC MG A collider single-H HH combined
- llgc%’ﬁ. . Di?;"‘%; HL-LHC 100-200% 50% 50%
’ .L::.FO(" DL’% (.1}.3;’) CEPC240 49% - 49%
— N ILCys0 49% - 49%
e [LCs0 38% 22%
ILC, 000 36% 10%
CLICaq, 50% 50%
CLIC 500 49% 29%
CLIC3000 49% 9%
FCC-ee 33% 33%
FCC-ee (4 IPs) 24% 24%
HE-LHC - 15%

FCC-hh - 5%

FCC-ee/eh/hh

FCC-ee

NNNNAY NN 'NNNNSNN [
30 40 50

68% CL bounds 0N K, [%]  Axsaure coders combined wih HLAHC

50% accuracy (HL-LHC): sensitive to BSM with the largest new physics effects
20% accuracy (future e+e-): discovery of SM-like Apph

5% accuracy (FCC-hh): sensitive to BSM loop corrections

- Ultimate precision machine !
Mangano et al. (arXiv:2004.03505)

FCC-FRANCE WORKSHOP HUA-SHENG SHAO

Tuesday, January 19, 21



HIGGY PAIR GLUON FUSION PRODUCTION

* Full top-quark mass dependence
* Leading order (LO) is a loop-induced process
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HIGGY PAIR GLUON FUSION PRODUCTION

* Full top-quark mass dependence
* Leading order (LO) is a loop-induced process

* Next-to-leading order (NLO) was computed numerically
Borowka et al. PRL |6, JHEP’ | 6; Baglio et al. EPJC’ |9, JHEP’20

g9 — HH at NLO QCD | /5 = 14 TeV | MMHT2014
— Lo Reasonable
HTL + fllreals | @pproximations to extend

—— HTL + full virtuals 7

== Full NLO { I/mqresult (rescaled exact
_ Baglio etal. EPJC’I9]  Born, include exact real
| | radiation) can fail the true
do/dm,,, [fb/GeV] S5, | K factor significantly.

Mp=pp=myy/2
NLO scale uncertainty

o ==g1virtual is so crucial, which
, M is remaining to be
g 4L B e e, understood

g 1 : 1 | 1
400 600 800 1000 1200 1400
myy [GeV]
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HIGGY PAIR GLUON FUSION PRODUCTION

* Full top-quark mass dependence
* Leading order (LO) is a loop-induced process

 Next-to-leading order (NLO) was computed numerically
Borowka et al. PRL |6, JHEP’ | 6; Baglio et al. EPJC’ |9, JHEP’20
.. even after matching to parton showers (i.e. NLO+PYS)
Heinrich et al. JHEP’ 17, JHEP’ | 9; Jones, Kuttimalai JHEP’ 18
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Matching scheme dependence starts to be
significant at large prh
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HIGGY PAIR GLUON FUSION PRODUCTION

Full top-quark mass dependence
* Leading order (LO) is a loop-induced process

* Next-to-leading order (NLO) was computed numerically
Borowka et al. PRL |6, JHEP’ | 6; Baglio et al. EPJC’ |9, JHEP’20

* ... even after matching to parton showers (i.e. NLO+PS)
Heinrich et al. JHEP’ 17, |HEP’ 1 9; Jones, Kuttimalai JHEP’ 18
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Shower scale uncertainty is also significant at large
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HIGGY PAIR GLUON FUSION PRODUCTION

* Full top-quark mass dependence
* Leading order (LO) is a loop-induced process

 Next-to-leading order (NLO) was computed numerically
Borowka et al. PRL |6, JHEP’ | 6; Baglio et al. EPJC’ |9, JHEP’20
* ... even after matching to parton showers (i.e. NLO+PS)
Heinrich et al. JHEP’ 17, JHEP’ | 9; Jones, Kuttimalai JHEP’ 18
* Scale unc. (>10%)

13 TeV 14 TeV 27 TeV 100 TeV

+13.8% +13.5% +11.5% +10.7%
27.787 15 g Tb | 32.88715 2 fb | 127.7 10730 b | 1147 g0, fb
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HIGGY PAIR GLUON FUSION PRODUCTION

* Full top-quark mass dependence
* Leading order (LO) is a loop-induced process

Next-to-leading order (NLO) was computed numerically
Borowka et al. PRL |6, JHEP’ | 6; Baglio et al. EPJC’ |9, JHEP’20
... even after matching to parton showers (i.e. NLO+PS)
Heinrich et al. JHEP’ 17, JHEP’ | 9; Jones, Kuttimalai JHEP’ 18
Scale unc. (>10%)

...and large top-quark mass scheme dependence

do(gg — HH)
dQ Q=300 GeV
do(gg — HH)
dQ Q=400 GeV
do(gg — HH)
dQ Q=600 GeV
do(gg— HH)

dQ Q=1200 GeV

6%
0.02978(7) 345, Tb/GeV,

0.1609(4) "%, fb/GeV,

0%
0.03204(9) T35, fb/GeV,

0.000435(4) "%, fb/GeV
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HIGGY PAIR GLUON FUSION PRODUCTION

* Full top-quark mass dependence
* Leading order (LO) is a loop-induced process

Next-to-leading order (NLO) was computed numerically
Borowka et al. PRL |6, JHEP’ | 6; Baglio et al. EPJC’ |9, JHEP’20
... even after matching to parton showers (i.e. NLO+PS)
Heinrich et al. JHEP’ 17, JHEP’ | 9; Jones, Kuttimalai JHEP’ 18
Scale unc. (>10%)

...and large top-quark mass scheme dependence

A lot of analytical approximations (well-motivated to deepen understanding)
Grigo et al. NPB’I 3, NPB’|5; Degrassi EPJC’ | 6;, Davies et al. [HEP’ | 8,|HEP’ | 9;
Bonciani et al. PRL'I8; Xu and Yang JHEP’19; Davies and Steinhauser (1909.01361)
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Schroder and Steinhauser |HEP’06;Baikov et al. PRL’ I 7; Spira JHEP’ | 6; Gerlach et al. JHEP’ |8
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* Infinite top-quark mass limit

* The Wilson coefficients C, and Cyj, are I<nown up to 4 Ioops
Schroder and Steinhauser JHEP’06;Baikov et al. PRL' | 7; Spira |HEP’ | 6; Gerlach et al. JHEP’ 18

* Technically, it is much easier to achieve high precision
* NLO was 20 years old  Dawson PRD’98
NNLO was known as well Florian and Mazzitelli PLB’13,PRL 1 3; Grigo et al. NPB’|4; Florian et al. JHEP' 16

Threshold resummation  Shao et al. JHEP’ I 3; Florian and Mazzitelli JHEP’ 15, JHEP’ 18

NLOFmapprox: NLO plus full top quark mass in Born and real :Ir TaeEr;’)’(lit al. PLB'I4; Maltoni et

Combine NNLO with full top-quark mass NLO Grazzini et al. JHEP’18
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HIGGY PAIR GLUON FUSION PRODUCTION

. .« . 1 ) h héw
* Infinite top-quark mass limit Lo = —3GLG** (Ch; — Chny—

* The Wilson coefficients C, and Chh are known up to 4 loops
Schroder and Steinhauser |HEP’06;Baikov et al. PRL’ I 7; Spira JHEP’ | 6; Gerlach et al. JHEP’ |8

* Technically, it is much easier to achieve high precision

* NLO was 20 years old  Dawson PRD’98
* NNLO was known as well Florian and Mazzitelli PLB’I3,PRL | 3; Grigo et al. NPB’14; Florian et al. JHEP’ 1 6

* Threshold resummation Shao et al. JHEP’I 3; Florian and Mazzitelli JHEP’ 15, JHEP’ 18

*  NLOFTapprox: NLO plus full top quark mass in Born and real :Ir (jaIC-IIeErFI’)’(Iit al. PLB'I4; Maltoni et

» Combine NNLO with full top-quark mass NLO Grazzini et al. JHEP’18

Our aim is to push the calculation to N3LO !
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HIGGY PAIR GLUON FUSION PRODUCTION

LASORATONRE OF PHYSIGUE
THECRIQUE £T MAUTTS ENCRCIES
1 h h-

* Infinite top-quark mass limit Lo = -G G* " (Ch; — Chny—

g h.|. R QTTT  TTTOP----- | -----GoTTO
* . S ) e a & C
- - ®-- S ) '
o K ‘ @0U0  TOOO@----- | -----@0T
(D)

(¢)

Chen, Li, HSS,Wang (PLB’20, JHEP’20)

dahh. = dO'gh_ + dO'gh + dU}Clh
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HIGGY PAIR GLUON FUSION PRODUCTION

.« . .« . 1 h
* Infinite top-quark mass limit Lo = -G G* " (Ch; — Cha

9 ho.|. ;. QUTTT  TTTOR----- | ---- -G
27 s Y J e C O‘
:?‘ & | »-& Jo--& J
U . . ) - . C '\‘
| g h\\\ l" \\\ a— \ /D—O—O—&---- -t T / ‘

(¢)

Chen, Li, HSS,Wang (PLB’20, JHEP’20)

dahh. = dO'gh_ + dO'gh + dU}Clh

0
0

» class-a: same topology as ggH

Chh 6Av?
a2 2

a
doyy,

2
) X Op(mp — Mpp)

= fh—mh(

dm hh

vmi, —4m;i
167202

fhshh =
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HIGGY PAIR GLUON FUSION PRODUCTION

. . 1 , h
* Infinite top-quark mass limit Lo = —3GLG** (Ch; — Cha

9 ho.|. ;. QUTTT  TTTOR----- | ---- -G
27 s Y J e C O‘
:?‘ & | »-& Jo--& J
U . . ) - “a C '\‘
| g h\\\ l" \\\ a— \ /D—O—O—&---- -t T / ‘

(¢)

Chen, Li, HSS,Wang (PLB’20, JHEP’20)

dahh. = dO'gh_ + dO'gh + dU}Clh

0
0

» class-a: same topology as ggH

Chh 6Av?
a2 2

a
doyy,

2
) X op(mp — mpp) From iHixs2
Dulat et al. CPC’ |8

= fh—mh(

dm hh

vmi, —4m;i
167202

fhshh =
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HIGGY PAIR GLUON FUSION PRODUCTION

LASORATONRE OF PHYSIGUE
THECRIQUE £T MAUTTS ENCRCIES
1 h h-

* Infinite top-quark mass limit Lo = -G G* " (Ch; — Chny—

g h.|. R QTTT  TTTOP----- | -----GoTTO
* . S ) e a & C
- - ®-- S ) '
o K ‘ @0U0  TOOO@----- | -----@0T
(D)

(¢)

Chen, Li, HSS,Wang (PLB’20, JHEP;20)

dahh. = dO'gh_ + dO'gh + dU}Clh
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HIGGY PAIR GLUON FUSION PRODUCTION

1 h

* Infinite top-quark mass limit Lo = -G G* " (Ch; — Cha

9 ho.|. ;. QUTTT  TTTOR----- | ---- -G
27 s Y J e C O‘
:?‘ & | »-& Jo--& J
U . . ) - “a C '\‘
| g h\\\ l" \\\ a— \ /D—O—O—&---- -t T / ‘

(¢)

Chen, Li, HSS,Wang (PLB’20, JHEP;20)

O(as)
O(as) _ doyy, = dofy, + doy, + dog,
O(a)
O(a;)
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HIGGY PAIR GLUON FUSION PRODUCTION

.« . .« . 1 , h
* Infinite top-quark mass limit Lo = —3GLG** (Ch; — Cha

?’b: h.|. , Q0TI TTOOG----- | -----GOTOD
J .’ ‘\\ \ ) ’ . a \ |

-@UTo0

Chen, Li, HSS,Wang (PLB’20, JHEP;20)

O(as)
O(as) _ doyy, = dofy, + doyy, + dog,
O(o)
O(os)

0
0

» class-b: need NNLO as its as? is zero (qr subtraction, Catani & Grazzini PRL'07)

b 2 b b
dopp, = dopp ine + dopp,
T T

SCET: dO'zh‘phh<pveto =—HRXB; By + O ((
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HIGGY PAIR GLUON FUSION PRODUCTION

1 h

* Infinite top-quark mass limit Lo = -G G* " (Ch; — Cha

9 ho.|. ;. QUTTT  TTTOR----- | ---- -G
27 s Y J e C O‘
:?‘ g | »-& 2 ) 3
U o . . ) - o . C '\‘
| g h\\\ l" \\\ a— \ /D—O—O—&---- -t T / ‘

(¢)

Chen, Li, HSS,Wang (PLB’20, JHEP;20)

O (o)
¢ O(a;l) _ dopy, = doy,;, + dagh + doy,,
0 a;) | O(ay)
0 O(as)

» class-b: need NNLO as its as? is zero (qr subtraction, Catani & Grazzini PRL'07)

b b b .
do—hh = dahh phh < pyeto -+ (IO'hh phhs pveto H hard function
T T T T

veto ) 2) two-loop amplitude

: Pt Banerjee et al.,, JHEP’ 18
SCET: do} voto =(H)R B @ By + O ( )
hh‘pgh@T Q P Q new one-loop amplitude
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HIGGY PAIR GLUON FUSION PRODUCTION

1 h

* Infinite top-quark mass limit Lo = -G G* " (Ch; — Cha

9 ho.|. ;. QUTTT  TTTOR----- | ---- -G
27 s Y J e C O‘
:?‘ g | »-& 2 ) 3
U o . . ) - o . C '\‘
| g h\\\ l" \\\ a— \ /D—O—O—&---- -t T / ‘

(¢)

Chen, Li, HSS,Wang (PLB’20, JHEP;20)

O (o)
¢ O(a;l) _ dopy, = doy,;, + dagh + doy,,
0 a;) | O(ay)
0 O(a)

» class-b: need NNLO as its as? is zero (qr subtraction, Catani & Grazzini PRL'07)

b b b
do_h h — dahh’ phh <pveto + do_hh ph h >pveto
T T T T

I5; TMD beam function

5 two-loop exp. known
Veto) ) Gehrmann et al.PRL 12,

. 7 b _ Pt .
SCET: dop| o _pere = H 2(B) 2By + O (( - :, tuebberlt ?T;u
, LUO et al.,

HEP'| et al.
HEP’| 6; Echevarria et al.
HEP’ |
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HIGGY PAIR GLUON FUSION PRODUCTION

1 h

* Infinite top-quark mass limit Lo = -G G* " (Ch; — Cha

9 ho.|. ;. QUTTT  TTTOR----- | ---- -G
27 s Y J e C O‘
:?‘ & | »-& Jo--& J
U . . ) - “a C '\‘
| g h\\\ l" \\\ a— \ /D—O—O—&---- -t T / ‘

(¢)

Chen, Li, HSS,Wang (PLB’20, JHEP;20)

O(as)
O(as) _ doyy, = dofy, + doy, + dog,
O(a)
O(as)

New and validated NLO
model
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HIGGY PAIR GLUON FUSION PRODUCTION

1 h

* Infinite top-quark mass limit Lo = -G G* " (Ch; — Cha

g 0.5

?)b%,
\

pp—hh+X { g (PLB20, JHEP;20)
s=13 TeV pTNSpYE0 ey

PDF4LHC15_nnlo_30 sum - hh hh

m,=125 GeV

ni & Grazzini PRL’O7)

10 12 16 18 20
pyte | validated NLO

GS_&MCZ a/U hh %eto — Wy hh—l—] model
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HIGGY PAIR GLUON FUSION PRODUCTION

LASORATOIE OF PHYSIGUE
THECRIQUE £T MAUTTS ENCRCIES
1 h h~

* Infinite top-quark mass limit £ = —GL.G* " ( Ch— — Chin—
4 v v

g h.|. R QTTT  TTTOP----- | -----GoTTO
* . S ) e a & C
- i @ . 3 | |
g N e 3 g —
S K ‘ @UTT0  TTOOR----- | -----@0T
(D)

(¢)

Chen, Li, HSS,Wang (PLB’20, JHEP20)

dahh. = dO'gh_ + dO'gh + dU}Clh

» class-c: need NLO (full fledged)
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Infinite top-quark mass limit
* A lot of cross checks

NLO

total 2) | O(az)
a Z) | O(az)
b O(az)
C 0
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HIGGY PAIR GLUON FUSION PRODUCTION

LABORATOIRE C PHYIOUL
THECRIQUE £T MAUTTS ENCRCIES
| h h~

* Infinite top-quark mass limit Lo = -G G* " (Ch; — Chi 2-1-2)

* A lot of cross checks Chen, Li, HSS,Wang (PLB'20,JHEP"20)

N°LO \/ At least two independent calculations
O(a?)

NNLO cross sections at 13 TeV LHC

arXiv:1606.09519
iHixs2+MadGraph5_aMC@NLO

12 14 16 18 20
pT,veto [GeV]
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HIGGY PAIR GLUON FUSION PRODUCTION

Nt ? : 1 a va pv
* Infinite top-quark mass limit Lo = -G G** (

* A lot of cross checks Chen, Li, HSS,Wang (PLB'20,JHEP"20)

LO | NLO N°LO \/ At least two independent calculations
total v ) O(ag) . O(a‘% \/ Orthogonal check with NNLO ggHH
()

O« _
a |O(aZ) O(a;)’) . ‘(’)
b 0 |O(al) | Qg
0

C 0 ) | O(a?)

NNLO cross sections at 13 TeV LHC

arXiv:1606.09519
iHixs2+MadGraph5_aMC@NLO

12 14 16 18 20
pT,veto [GeV]

FCC-FRANCE WORKSHOP HUA-SHENG SHAO

Tuesday, January 19, 21



HIGGY PAIR GLUON FUSION PRODUCTION

. — 1 . h 2
* Infinite top-quark mass limit Lo = -G G* " (Ch-——Chhzl

* A lot of cross checks Chen, Li, HSS,Wang (PLB'20,JHEP"20)

NLO N°LO \/ At least two independent calculations
total C : O(ag’) . (O:‘g’) \/ Orthogonal check with NNLO ggHH

a v O(aﬁ) - O o \/Check piece-by-piece
C 4 Ck
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HIGGY PAIR GLUON FUSION PRODUCTION

LASORATOME O PHYSIGUE
THECRIQUE £T MAUTTS ENCRCIES
1 h h*

* Infinite top-quark mass limit Lo = -G G* " (Ch; — Chi .21,_,)

* A lot of cross checks Chen, Li, HSS,Wang (PLB'20,JHEP"20)

LO | NLO N°LO \/ At least two independent calculations

(’)(a‘ ) O(a“;’) . (’)(ai) \/Orthogonal check with NNLO ggHH
O(a3) (9(&2) Vs ) | - \/Check piece-by-piece
0
0

total
a

O(r;)
0

NLO
O(a?) O(ay)
tHixs2 tHixs2

gr-subtraction | gp-subtraction

MG5 AMC

gr-subtraction | gr-subtraction

MG5 AMC

gr-subtraction
MG5 AMC
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HIGGY PAIR GLUON FUSION PRODUCTION

* Infinite top-quark mass limit
* N°LO cross sections  jy ynit of b Chen, Li, HSS,Wang (PLB"20)

Vs 13 TeV 14 TeV 27 TeV 100 TeV
order

. +31% +31% +26% +19%
LO 13.80;%3‘(;/% 17.06;%:;0 98.22;%% 2015;%32?
NLO 25.81;51%?; 31.89;5152?{; 183.03%?/; 3724;4112‘;7;
NNLO |30.4172:3% 37.55722% 214.2743% 4399+12%

'/ pp—hh+X ]

—2.4% —1.8%

Mph/4<Ug,He<Mpyp

PDFALHC15_nnio_30 | * Scale unc. is significantly reduced !
m, =125 GeV

* PDF unc. > scale unc. now !

» Good (asymptotic) perturbative
convergence !

>
»
'

|

- E

LTS TTRTERETES FIFTTSTETS FETE TR E T SR TR R TS FRTRTa T ey FEw e AAAAIAAAA..-.AlAAAAAAAAS
10 20 30 40 50 60 70 80 90 100
Vs [TeV]

PP PP
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HIGGY PAIR GLUON FUSION PRODUCTION

* Infinite top-quark mass limit

« N3LO cross sections Chen, Li, HSS,Wang (JHEP20)

pp—>hh+X LO O
Vs=100 TeV NLO I

Mpr/4<iR,Ue<My;, NIgLO[:I I
PDFALHC15 nnio 30 N10= - 1« Shapes change from LO to NLO

SN, m =125 GeV 4
N\ m173 Gev and from NLO to NNLO

* The shape variation from NNLO
to N3LO is quite invisible
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HIGGY PAIR GLUON FUMION PRODUCTION

* Infinite top-quark mass limit
A N3LO differential dlstrlbutlon

4 :

3.5 5=100 TeV

M/ A<UgUE<Mpp
3¢ Nmtg PDF4LHC15_nnlo_30 -
= mp=125 GeV
m=173 GeV

N \\\\\\\\\\\\
\\\\\\\\\\
\\\\\\\\\\\\\\\\\\\\\\

N
N O

—_k
6))

>
)
S
S~
L2
<
=
&
S
)
©

—
TTITTT[TITTT

S

300 400 500 600 700 800 900 100011001200
My, [GeV]
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Chen, Li, HSS,Wang (JHEP’20)

* Scale unc. is significantly reduced !

* Very good (asymptotic)
perturbative convergence !

* N3LO/NNLO is quite flat
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TOP QUARK MASS APPROXIMATIONS

. . Chen, Li, HSS,Wang (JHEP’20)
* Several approximations:

NKLO  infinite top-quark mass limit

assuming we have {

N'LO full top-quark mass dependence

e N*LO&NI!LO,,,

k 1 1 k 1 . . . .
doNFLOSN'LOm, _ j,N'LO | (daﬁ,tigo _ da}fu‘;(?oo) missing top mass in correction

(  NFT ON
e N"LO®N'LO,,,
NkLO®NILO NILO doNLO
do ONLOm: = g da’;;;;" Same K factor for mass correction

My =00

J

® NkLOB_i@NlLOmL

LO
NXLOp_;&N!'LOm N'LO k.l doy, : :
do™™ ™78 v =doy, "+ A0ni—o 10 Born mass improved for correction

Mg =00
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TOP QUARK MAMS RESULTS

N TOp-qual'k mass dependent resu'ts NLOm: from Powheg, arXiv:1903.08137

« N3LO cross sections Chen, Li, HSS,Wang (JHEP20)

in unit of fb

/s

13 TeV

14 TeV

27 TeV

100 TeV

NLO,,,

27567117

1%

+12%

3%
11197 130,

NNLO©NLO,
NNLOg_;&NLO,,,
NNLO®NLO,,

32.16120%
15.0%
33.08 7500

A=+5.3%
32.471030

38.29j;§;;§§
+4.9%
30.16 257

10+5.2%
38.42F22%

+3.0%
157.3% 179
150.8+:1'§/t

—5.7%

) +4.8%
147'6—6.7%

+5.8%
171755

+4.0%
1330—7.‘2%

+4.2%
1298—5.3%

N3LO@NLO,,,
N3LOg_;®BNLO,,,,
N3LO®NLO,,,

+2.1%
33.06™3 gor

) +1.9%
341710

12+0.66%
33.43+0:6¢

10+1.7%
39.407 5 o

A1+1.9%
40.447, 07

+0.64%
30.560 %

+4.0%
163.375 507

+2.3%
+0.53%

+14%
1833—20%

+2.8%
1372_5‘0%

+0.51%
1333—1.8"/6

N3LO enhances NNLO by 3% but enhances NLO by 20%

N3LO reduces scale unc. to 3%

The missing top quark mass uncer. at N3LO is around 5%

The top mass scheme uncer. is unknown (not expected to be improved)
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TOP QUARK MASS RESULTS

=
aut o

N TOp-qual'k mass dependent resu'ts NLOm: from Powheg, arXiv:1903.08137

- NS3LO distributions Chen, Li, HSS, Wang (JHEP20)
NNLO vs N3LO 3 top mass approx.

pp—hh+X pp—hh+X
vs=100 TeV o vs=100 TeV E
M/ A<, U<y, 5 Mpy/4<pg ey,
PDF4LHC15_nnlo_30 PDFALHC15_nnio_30 A
m,=125 GeV E
m=173 GeV E
3 3
NLO@NLO,,, - :

N LOg ANLO, , 3 3
NJLOSNLO. I

m, =125 GeV
m=173 GeV
NNLOGNLO,,

N*LO®NLO,, . |:1
NLO

>
("
Q
£
£
=
I3
°

do/dmy,, [fb/GeV]

300 400 500 600 700 800 9qoo -~ 300 400 500 600 700 800 900
Mpp [GeV] My, [GeV]

» Scale is again significantly reduced from NNLO to N3LO

* Missing top-quark mass effect at large mnh is very bad (red)
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CONCLUSIONS eria

* We have carried out N3LO calculations for Higgs pair production in
the gluon fusion channel with the infinite top-quark mass limit.

* The scale uncertainty is significantly reduced to be below 2% at 100
TeV. PDF param. uncertainty is bigger than scale uncertainty.

* The asymptotic perturbative convergence in the process shows
pretty good at N3LO.
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CONCLUSIONS eria

* We have carried out N3LO calculations for Higgs pair production in
the gluon fusion channel with the infinite top-quark mass limit.

* The scale uncertainty is significantly reduced to be below 2% at 100
TeV. PDF param. uncertainty is bigger than scale uncertainty.

* The asymptotic perturbative convergence in the process shows
pretty good at N3LO.

* Remaining (theory) challenges:

* How to improve the big top-quark mass scheme dependence seen at NLO ?

* How to further improve the finite top quark mass corrections !

* Other theoretical uncertainties (e.g. EW corr,, parameterical errors) !
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CONCLUSIONS

* We have carried out N3LO calculations for Higgs pair production in
the gluon fusion channel with the infinite top-quark mass limit.

* The scale uncertainty is significantly reduced to be below 2% at 100
TeV. PDF param. uncertainty is bigger than scale uncertainty.

* The asymptotic perturbative convergence in the process shows
pretty good at N3LO.

* Remaining (theory) challenges:

* How to improve the big top-quark mass scheme dependence seen at NLO ?

* How to further improve the finite top quark mass corrections !

* Other theoretical uncertainties (e.g. EW corr,, parameterical errors) !

Thank you for your attention !

FCC-FRANCE WORKSHOP HUA-SHENG SHAO

Tuesday, January 19, 21



BACKUP

FCC-FRANCE WORKSHOP HUA-SHENG SHAO

Tuesday, January 19, 21



HIGGY PAIR GLUON FUSION PRODUCTION

* Infinite top-quark mass limit

« Assessment of central scale choice Chen, Li, HSS,Wang (PLB’20)

LN B B B B B B R N N N B B | LN I D D D A D R B B D D D D D A D B B B B B B B
35 F :
= -‘-\
- o

30

25 £

20
= pp—hheX ™

15 £ Vs=13 TeV

E MR=HE=EMpy/2

. PDF4LHC15_nnlo_30

10F m =125 GeV

10g,(S)

Muh
UR = UF = ST
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HIGGY PAIR GLUON FUSION PRODUCTION

* Infinite top-quark mass limit

« Assessment of central scale choice Chen, Li, HSS,Wang (PLB’20)

30

: Faster convergent scale
25 F

20

Widespread scale choice

15 £ Vs=13 TeV
E UR=HE=EMp,/2 D
. PDF4LHC15_nnlo_30
10F m =125 GeVv ;
-2 -1 0
10g5(E)

Muh
UR = UF = ST
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HIGGY PAIR GLUON FUSION PRODUCTION

* Infinite top-quark mass limit
- A N3LO differential distribution Chen, Li, HSS, Wang (JHEP"20)

/i)\:—l

pp—hh+X
Vs=13 TeV
Mpp/4<lg Mp<Mp, 3
PDF4LHC15_nnlo_30 3
m,=125 GeV
m=173 GeV 3
Mbn/Ani=1 L0 01
NLO I 3
NNLO 3 :
N3LO & 3

>
O
e
—
£
=
£
E
©

300 400 500 600 700 800 900 100011001200
my, [GeV]
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HIGGY PAIR GLUON FUSION PRODUCTION

Infinite top-quark mass limit
A N3LO differential distribution Chen, Li, HSS, Wang (JHEP"20)

pp—hh+X

Vs=13 TeV

Mp/4<Ug, LE<Mpy,
PDF4LHC15_nnlo_30
m,=125 GeV

m,=173 GeV

LO O
NLO O3
NNLO 3

N3Lo O

>
)
2
=
N —
£
3
°

do/ dGNSLO

300 400 500 600 700 800 900 100011001200
My [GeV]
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HIGGY PAIR GLUON FUSION PRODUCTION

Infinite top-quark mass limit
A N3LO differential distribution Chen, Li, HSS, Wang (JHEP"20)

li>\:3

pp—>hh+x LO [OJ
Vs=13 TeV NLO
My /A<l le<my, NNLO w
PDFALHC15_nnlo_30 N°LO O3
my,=125 GeV
m,=173 GeV

Annn/Ai=3

.~: .:":".\ ‘L:Q\\“:I::l:::'::l:k:\:k\:\\:;i::i::‘

300 400 500 600 700 800 900 100011001200
my;, [GeV]
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HIGGY PAIR GLUON FUSION PRODUCTION

Infinite top-quark mass limit
A N3LO differential distribution Chen, Li, HSS, Wang (JHEP"20)

l{)\:5

pp—hh+X
Vs=13 TeV
Mpp/4<Pg.Up<Mpyp,
PDF4LHC15_nnlo_30
- my=125 GeV
s m=173 GeV

: SM
Xhhh/}\hhh—s et

300 400 500 600 700 800 900 100011001200
Mpy, [GeV]
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HIGGY PAIR GLUON FUSION PRODUCTION

* Infinite top-quark mass limit
- A N3LO differential distribution Chen, Li, HSS, Wang (JHEP"20)

Chh 62

2
= Jh—=hh\ (7 — . X Op\TMp — Muh
T ( Chn m$; — m,zz) ( )

a
doy,

dmp,p,

Mupp > 2Mp

pp—shh+X

Vs=13 TeV

Mpn/4<fig, HE<Mpp
PDF4LHC15_nnlo_30
m, =125 GeV

m=173 GeV
SM
K3=Anhh/hhh

Ky > 1 zerowhen
mupp = V1 + 3kamy,

300 400 500" 600 700 800 900 100011001200 Potential useful in BSM searches

My, [GeV]
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HIGGY PAIR GLUON FUSION PRODUCTION

* Infinite top-quark mass limit
* Other approximated N3LO differential distributions

AN3LO (a 1),NNLO (a,l1), NBLO (a,2),N3LO b,NNLO
do _ d O n Aoy, n Aoy,
dO dO 5 \&1),NNLO dO dO

\_ Thh y,

Lacking knowledge of fully-differential N°LO ggH

(a 1),N°LO (a 1),NNLO (a,1),N°LO
do! 2 do s

dO dO O'gzl) JNNLO

dof, = do\%" + do!%?,

(a 1) _
Chh—>Ch

by a,l
do\%? = dof, — do'\@",
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HIGGY PAIR GLUON FUSION PRODUCTION

* Infinite top-quark mass limit
* Other approximated N3LO differential distributions

AN3LO (a 1),NNLO (a,1), N3Lo
dahh . d Uhh + ( 12 o X - o
d O d O (a 1) NNLO i I\::\f‘! ;n; 32:):\,1 e 2, NLO

. Thh ) 10

NNLO
[ KEp =B = my /2 V// 2\

N3Lo

Lacking knowledge of fully-differential N3,

do_(a 1),N3LO da(a 1),N S

dO dO

B dO'(a 1) 4 do (a 2) — Dulat, Mistlberger, Pelloni (PRD’19)

dO';.llh

?

Ch‘h—)Ch
(a (a 1)
doy;, —do,,",

doynro/dY / dowspofdY
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HIGGY PAIR GLUON FUSION PRODUCTION

Infinite top-quark mass limit
Other approximated N3LO differential distributions

N\ )
dO’ANBLO d (a 1),NNLO O_(a.,l),N3LO do (a, 2),N3LO do b,NNLO

_ hh hh
4O e —(@DNNLO | o T

\_ hh N\

Non-trivial scale cancellation emerges
.. due to operator mixing Zoller (JHEP'16)

pp—hh+X
3 mhh/4<pn,p.r<mhh 5
¥ PDF4LHC15_nnlo_30 (b.LO) [ ]
! m,=125 GeV (b,NLO) 1 1
(a 1) (a 2) { / " b.NNLO) [ 1

(b,NNLO)+((a,2),N°LO) @@

—
—
- S
- -h
YT T

dal%h )
Chh —)Ch

= dof) — do\%",

—
LALAAAAS LAARARA}

rel. scale unc.

e Qo
o

10 20 30 40 rg»O 60 70 80 90 100
VS [TeV]
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HIGGY PAIR GLUON FUMION PRODUCTION

* Infinite top-quark mass limit
» Two showcases

- pp—~hh+
' vs=100 TeV
- Mpp/4<Ug, We<Mpp

E mh=1 25 GeV
[ mt=1 73 GeV
R s=100 TeV

M/ 4<Ug,Wp<Mpp '
PDF4LHC15_nnlo_30 NLO =1 |

m,=125 GeV NNLO I |
m=173 GeV AN°LO O

NLO I ]
NNLO ]

T ANSLO 3

o
.
.C
e
=)
S~
o)
©

do/dpr(hy) [fo/GeV]

Soft gluon population

T ———

e T T T T

0 100 200 300 400 500 600 700 800 900 1000
pr(hy) [GeV]
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TOP QUARK MAMS RESULTS

N TOp-qual'k mass dependent resu'ts NLOm: from Powheg, arXiv:1903.08137

- ANS3LO distributions: two showcases Chen, Li, HSS,Wang (JHEP20)
102 SARAAARA T RRARRRALY T RRARRRALY T T T T RRARRRALE

300 |

NNLOGNLO,, [

\\\\\\ 101 3 3
. F - O O ]
\\\ _ - ANCL ®mt0m =5
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e}
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<
<
>
S,
®
O
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PDF4LHC15_nnlo_30
mp=125 GeV
m=173 ( GeV
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