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THE BIG QUESTIONY IN FUNDAMENTAL PHYSICY ceri7-

e
NIRCa

 Data driven M. Mangano’s talk at Higgs Hunting 2019 in Paris

 Dark matter

Neutrino masses
Matter vs anti-matter asymmetry
Dark energy

* Theory driven

* The hierarchy problem and naturalness
* The flavour problem (origin of fermion families, mass/mixing pattern)

* Quantum gravity

* Origin of inflation

The path to answer these questions is ambiguous.

One question stemming from the LHC appears to single out a unique defined direction ...
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THE BIG QUESTIONS IN FUNDAMENTAL PHYSICS .-

e Data driven M. Mangano’s talk at Higgs Hunting 2019 in Paris

V(H) = — 2 [H2 + A |H|*

ittern)

Who ordered that?

We must learn to appreciate the depth and the value of this
One « question, which is set to define the future of collider physics :ction ..
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THE BIG QUESTIONS IN FUNDAMENTAL PHYSICS .72

e Data driven M. Mangano’s talk at Higgs Hunting 2019 in Paris

ittern)

Who ordered that?

mp = 125.18 £0.16 GeV
PDG2018

We must learn to appreciate the depth and the value of this
One « question, which is set to define the future of collider physics :ction ..
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THE BIG QUESTIONS IN FUNDAMENTAL PHYSICS .72

e Data driven M. Mangano’s talk at Higgs Hunting 2019 in Paris

Who ordered that?

A
5.0 < 2B 19
Ahhh,SM
ATLAS (1906.02025)

We must learn to appreciate the depth and the value of this
One « question, which is set to define the future of collider physics :ction ..
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M,, = 125 GeV
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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 16, JHEP’ | 6; Baglio et al. EPJC’ |9

g9 — HH at NLO QCD | /5 = 14 TeV | MMHT2014

—w Reasonable

~, -~ HTL «is | approximations to extend
Hie%e% == Full NLO { I/mqresult (rescaled exact
_ Baglio etal. EPJC’I9]  Born, include exact real
| | radiation) can fail the true
do/dm,,,, [fb/GeV]E5, | K factor significantly.

fd
Mp=pp=myy/2
NLO scale uncertainty

o ==g1virtual is so crucial, which
. M : is remaining to be
g 4L B 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 16, JHEP’ | 6; Baglio et al. EPJC’ |9
* ... even after matching to parton showers (i.e. NLO+PS)
Heinrich et al. JHEP’ 17, JHEP’ | 9; Jones, Kuttimalai JHEP’ 18

103

g NLO =]
=—g POWHEG hdamp=250 == }
, E_ —= | MG5_aMC@NLO 5

s | === Heinrich et al.JHEP’| 7]
= Full SM —= f
£ LHC 14 TeV

- F PDF4LHC15 NLO
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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 16, JHEP’ | 6; Baglio et al. EPJC’ |9
* ... 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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3 192 I*~_Jones, Kuttimalai JHEP’ | 87 — # 7

R LU ST Full SM
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Shower scale uncertainty is also significant at large

pr"

MINI-WORKSHOP, IHEP HUA-SHENG SHAO

Wednesday, October 9, 19




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 16, JHEP’ | 6; Baglio et al. EPJC’ |9
* ... 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 16, JHEP’ | 6; Baglio et al. EPJC’ |9
... 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)70%, b/GeV,

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

0.000435(4) "2, tb/GeV

MINI-WORKSHOP, IHEP HUA-SHENG SHAO

Wednesday, October 9, 19



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 16, JHEP’ | 6; Baglio et al. EPJC’ |9
... 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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* Infinite top-quark mass limit  La =7
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* Infinite top-quark mass limit

* 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
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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
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HIGGY PAIR GLUON FUSION PRODUCTION -

_ _— R h‘~’
* Infinite top-quark mass limit Lo = —GL.G** (Ch;—chh o3
* 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

/

o Our aim is to push the calculation to N3LO !

b 2015 2016 2017 2018 20I9 2020
N°LO'club i ; —

, VBFHH [I)Dlal’a_i et al.

-~

-~

- ggH thr. exp VB H ggH :.‘ Dreyer & Karlberg

Anastasiou et al. Dreyer & Karlberg : Mlstlberger

ggH diff. thr. app.

Dulat et al.

ggH dlff qr ggH diff.y

Cieri et al. Dulat et al.
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HIGGY PAIR GLUON FUSION PRODUCTION

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

* Infinite top-quark mass limit Lo = -G G* " (Ch; — Chny—
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Chen, Li, HSS, Wang (1909.06808)
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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 '\‘
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(¢)

Chen, Li, HSS, Wang (1909.06808)

0
0

» class-a: same topology as ggH

Chh 6Av?
a2 oy 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 (1909.06808)

0
0

» class-a: same topology as ggH

Chh 6Av?
a2 oy 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

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

* Infinite top-quark mass limit Lo = -G G* " (Ch; — Chny—
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Chen, Li, HSS, Wang (1909.06808)
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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 '\‘
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(¢)

Chen, Li, HSS, Wang (1909.06808)

O (o)
O(a)
O(as)
O(a)

MINI-WORKSHOP, IHEP HUA-SHENG SHAO

Wednesday, October 9, 19



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 (1909.06808)

O (o)
O (o)
O(as)
O(a)

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 (1909.06808)

O(as)
a?)[0(ad)
0 a;) | O(a)
0 O(a)

» 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 (1909.06808)

O(as)
a?)[0(ad)
0 a;) | O(a)
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,

SCET: dazh ‘pf_,’:h <preto —H ®@ @@ + O ((pg 4; Luebbert et al

HEP’ | .

HEP’ | 6: Echevarria_et al.

HEP’ 1 6; Luo et al.,’ |9
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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
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(¢)

Chen, Li, HSS, Wang (1909.06808)

O (o)
O(a)
O(as)
O(a)

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 05 . -
?)55; : : 9'6 ¢
I

~h
A

op—shh+X 1 ‘ang (1909.06808)

veto

- s=13 TeV pNSp¥eto oy -
- Up=Hp=my;/2 P <P i -
. PDF4LHC15 nnlo 30 sum

m,=125 GeV

ni & Grazzini PRL’O7)

10 12 16 18 20
pyte | validated NLO

veto W hh—l—] mOdeI
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Chen, Li, HSS, Wang (1909.06808)

» 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

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

* Infinite top-quark mass limit Lo = -G G* " (Ch; — Chi 2-1-2)
* A lot of cross checks Chen, Li, HSS,Wang (1909.06808)

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 (1909.06808)

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

total v ) O(ag) . O(Ox‘z \/ Orthogonal check with NNLO ggHH
()

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

MINI-WORKSHOP, IHEP HUA-SHENG SHAO

Wednesday, October 9, 19



HIGGY PAIR GLUON FUSION PRODUCTION

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

* A lot of cross checks Chen, Li, HSS, Wang (1909.06808)

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

Infinite top-quark mass limit

N3LO cross sections in unit of fb Chen, Li, HSS,Wang (1909.06808)

Vs 13 TeV 14 TeV 27 TeV 100 TeV
order

p +31% +31% +26% +19%
LO |13 804_( 220 17. 061%3/ 98. 22;%8‘} 201:%3:;
NLO | 25.817 5 31897150 183.07,5¢ 3724775
NNLO |30.4173:3% 37.55%52% 21427257 43221137

A —5.3%
3 0.66% 0.65% 0.53% +0.51%
. i | N'LO |31.317,5y" 38.657, 75" 220.27, 7, 4438
pp—hh+ ;

—1.8%
Mph/4<Ug,He<Mpyp

PDFALHC15_nnio_30 1 = Scale unc.is significantly reduced !
m;,=125 GeV D ;

PDF unc. > Scale unc. now !

Very good perturbative convergence !

T FETTERRETS FETrreTees |

FRTTETE IFEFFTF PP FTRTERRTE S FETRRTTTE e T e Anunu.'i
30 40 50 60 70 100
Vs [TeV]
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HIGGY PAIR GLUON FUSION PRODUCTION

* Infinite top-quark mass limit
« N3LO cross sections Chen, Li, HSS,Wang (1909.06808)

I
~
™~
- ~
~
— .
o

30 |

25 |

20 |
E ppohhaX
15F Vs=13Tev

- UR=HE=EMyy/2

= PDF4LHC15_nnlo_30
10F m, =125 Gev
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HIGGY PAIR GLUON FUSION PRODUCTION

* Infinite top-quark mass limit
« N3LO cross sections Chen, Li, HSS,Wang (1909.06808)

I
~
™~
- ~
~
— .
o

30 |

25 |

: The optimal scale choices
20

= pp—hh+X

15 £ Vs=13 TeV

- MR=HF=EMyy;/2

= PDF4LHC15_nnlo_30
10F m 125 Gev
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HIGGY PAIR GLUON FUSION PRODUCTION

* Infinite top-quark mass limit
- N3LO differential distribution Chen, Li, HSS, Wang (1909.06808)

0'06 YT YT T TYY r'rl‘l"f"V‘lY'Yl‘lI!r'?l‘f"l'I‘V'?lYYYl"7"V'Y"l]r!?l‘fl'l]""‘
- -
- -

- -

— -

: pp—hh+X ]
0.05 E Vs=13 TeV 3
I.:‘:;:f;i;f::};t{ ai | My /A<t e<m I e I I I ’
L DNk T a0 Scale unc. is significantly reduced !
PN A my=125 GeV 3 ,
b . . * Very good perturbative
el 3 Noo i convergence !

: Sl NNLO £ 13
0.02 ¢ . NLo @

v | * N°LO/NNLO is quite flat
S

>
00
Q
&
r-
<
=
LS,
©
©

300 400 500 600 700 800 900 100011001200
my, [GeV]
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CONCLUSIONY & OUTLOOKS

* 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 3% (2%) at
|3 (100) TeV. PDF uncertainty is bigger than scale uncertainty.

* The Serturbative convergence in the process shows pretty good at

N3L
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CONCLUSIONY & OUTLOOKS

* 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 3% (2%) at
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