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Therefore we shall construct our Lagrang-
ian out of L and R, plus gauge fields Au and
B, coupled to T and Y, plus a spin-zero dou-
blet
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whose vacuum expectation value will break T

and Y and give the electron its mass. The on-
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three generations of matter interactions / force carriers
(fermions) (bosons)
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three generations of matter interactions / force carriers
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Subatomic Particle Plush Toys FrRom THE STANDARD MODEL OF PHYSICS ¢ beyond

UP QUARK CHARM TOP QUARK | ¥
A teeny little point QUARK This heavyweight ! Wl
inside the proton A second champion doesn’t | e
and neutron, it is generation live long enough to o
friends forever with quark, he is make friends with !
the down quark. charmed, indeed. anyone. | g z‘?glg:: e
E (&b B we know and love.
DOWN STRANGE BOTTOM 1w
QUARK QUARK QUARK 1 &S
A tiny little point What's s0 strange This third - o
inside the proton about this second generation quark E °
and neutron, it is generation quark? is puttin’ on the !
friends forever with pounds. " L
the up quark. E GLUON
"""""""""""""""""""""""""""""""""""""""""""""""""""""" . The “glue” of the strong
ELECTRON- MUON- TAU- nuclear force.
NEUTRINO NEUTRINO NEUTRINO

Like the other 2
neutrinos, he's got
an identity crisis
from oscillation.

This minuscule
bandit is so light,
he is practically
massless,

He's a tau now,
but what type of
neutrino will he
be next?

ELECTRON MUON TAU
A familiar friend, w8 A “heavy A “heavy muon”
this negatively electron” who who could stand

As the carrier particles of
the weak nuclear force,
they're downright obese.,

lives fast and
dies young.

to lose a little
weight.

charged, busy 1i’l
quy likes to bond.

(72} HIGGS BOSON GRAVITON
El o () He’s the one everyone Still unobserved,
\ / wants to meet, but for now yet theoretically
(e ) he‘s playing hard to get. everywhere, he's PROTON
o You'd be smiling too if got big legs for s woyld .
'- everyone was looking to jumping branes. herg 'wnhom her
m interview you. positivity.
g DARK
MATTER NEUTRON
L TACHYON The mysterious e
I Can this devious and missing mass. remaining
= clever particle really Difficult to see !
travel faster because he's
than light? so dark.
Visit the : ﬂ-ﬂ=gﬁl STAMPSHEET
ANTIPARTICLE ANNEX : v S e | Twenty-three particles
. ' E © o B | 0onone 8.5x11" sheet of
You can now buy antimatter on the web! E Bav Eae V_ | perforated “stamps”

© Universe Today
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Image Credit: NASA/CXC/
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NATURALNESS, CHIRAL SYMMETRY, AND SPONTANEOUS

CHIRAL SYMMETRY BREAKING
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Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
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Inclusive gluon fusion cross section:

1858pb = 16.00pb  (+32.9%) (LO, rEFT)
+20.84pb  (+42.9%) (NLO, rEFT)
— 2.05pb (—4.2%) ((t,b, c), exact NLO)
+ 956pb  (+19.7%) (NNLO, rEFT)
+ 0.34pb (+0.7%) (NNLO, 1/m,)
+ 2.40pb (+4.9%) (EW, QCD-EW)
+ 1.49pb (+3.1%) (N°LO, rEFT)
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® need to cancel IR divergences
e around ’'0O1: only NLO methods
e put: NNLO Drell-Yan 1990

V. Neerven et al.

:ggﬂw perform phase space integrals analytically
N D dimensions

IR poles cancel analytically (no “subtraction scheme”)

still: phase space integration complicated (back then...)
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Reverse unitarity:

2170 (p2 — m2)

/pQ—mQ—I—iO D

Anastasiou, Melnikov ‘02
Anastasiou, Dixon, Melnikov ‘03

Ireat phase space integrals like loop Integrals:
integration-by-parts — master integrals — differential equations
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soft-virtual approximation




A~ as\" . (n)
Oij = Z (?) Tij soft-virtual approximation

[ =0, k> 0: next-to-soft approximation

Kramer, Laenen, Spira ‘96
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-1.1¢  Approximate four-loop QCD corrections

to the Higgs-boson production cross section
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G. Das*?, S. Moch ™ and A. Vogtic

soft-virtual approximation
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Fermionic corrections to quark and gluon form factors in four-loop QCD

Roman N. Lee,! Andreas von Manteuffel,> Robert M. Schabinger,? P3H-21-013

Alexander V. Smirnov,?> Vladimir A. Smirnov,* and Matthias Steinhauser®
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Mixed QCD/EW

effects

=

C~ (14 2ew)

> Z, W
‘ ::% H Factorization hypothesis: o~ C?-

l+aCh + ):1+/1EW+aC(1) iy

a.CV 4

s-QCD T 5-QCD s-QCD T
T . T = 1+ Jgw + a,C 2 + Aewa, G+
0.026 72— P 2
]
MW? MZ > M o - Cv(vl) — g ~ 1.17 [Anastasiou, Boughezal, Petriello *09]

varying Cv(vl): 1% uncertainty estimate
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Mixed QCD/EW effects

‘

Z, W

complete

6.5 = 20.6pb,
0'1%%) = 32.7pb,

T |

A

Bonetti, Melnikov, Tancredi ‘17

-
\QQQ —
soft gluon
] 04 2p1-p2 y) _
lim |A%L |2 = TS p; A o2+ 6 (ph),
Am, [ANLol = g7 oy -papz-pa 10 (P:)
o 5" =21.7pb = +5.3% atLO
oo W =344pb = +52% atNLO

Anastasiou, Del Duca, Furlan, Mistloerger, Moriello, Schweitzer, Specchia ‘18
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Two-loop mixed QCD-EW corrections to gg — Hg

P3H-20-036

Marco Bonetti®® Erik Panzer¢ Vladimir A. Smirnov®¢ Lorenzo Tancredif

¢ Institute for Theoretical Particle Physics, KIT,
Wolfgang-Gaede-Strasse 1, D-76128 Karlsruhe, Germany

b Institute for Theoretical Particle Physics and Cosmology, RWTH Aachen University,
Sommerfeldstrasse 16, D-52056 Aachen, Germany

MISSIiNg

also: Becchettl, Bonciani, Del Duca, Hirschi, Moriello ‘21
Hirschi, Lionetti, Schweitzer ‘19

m

Institute for
Theoretical
Particle Physics
and Cosmology




o(scale) o (trunc) 0(PDF-TH) 0 (EW) o(t, b, c) 6(1/my)

jg;;ggg +0.18 pb +0.56pb  +049pb  +040pb  +0.49 pb

jggéé T 70 +1.16% 0 +0.83% +1%

Two-loop mixed QCD-EW corrections to gg — Hg
P3H-20-036

Marco Bonetti®® Erik Panzer¢ Vladimir A. Smirnov®¢ Lorenzo Tancredif

¢ Institute for Theoretical Particle Physics, KIT,
Wolfgang-Gaede-Strasse 1, D-76128 Karlsruhe, Germany

b Institute for Theoretical Particle Physics and Cosmology, RWTH Aachen University,
Sommerfeldstrasse 16, D-52056 Aachen, Germany

also: Becchettl, Bonciani, Del Duca, Hirschi, Moriello ‘21
Hirschi, Lionetti, Schweitzer ‘19

- Mmissing

Institute for

R. Harlander, Precision Higgs Physics, May 202 | 'IT Partce Physics

and Cosmology




o(scale) o (trunc) 0(PDF-TH) 0 (EW) o(t, b, c) 6(1/my)

TR £0.18pb  £0.56pb  +049pb  £0.40pb  +0.49 pb
A % m o +0.83% +1%

~—
LHCHWG YR4 ‘16

NNLO cross section with

NNLO PDFs NLO PDFs

| U(Q),NNLO U(Q),NLO |
EFT — OppT - _
> TNNIO =3 2.31% = 1.16%
OEFT

R. Harlander, Precision Higgs Physics, May 202 | Partcl Physics

oooooooooooo



o(scale) o (trunc) 0(PDF-TH) 0 (EW) o(t, b, c) 6(1/my)
+0.10 pb

—1.15 pb +0.18 pb +0.56 pb +0.49pb  +0.40 pb +0.49 pb
At i +1.16% 0 x083% (1% )
| HCHWG YR4 ‘16
HO
~HO _ _LO (" )
HEFT ~LO
418.58pb = | 16.00pb  (+32.9% O, rEFT N

)
1 20.84pb  (+42.9%)
— 2.05pb (—4.2%)
POB6PET  (+19.7%)
+ 0.34pb (+0.7%)
+ 2.40pb (+4.9%)

)

+ 1.49pb (+3.1%

Particle Physics
oooooooooooo



o(scale) o (trunc) 0(PDF-TH) 0 (EW) o(t, b, c) 6(1/my)

jg;;ggg +0.18 pb +0.56pb  +049pb  +040pb  +0.49 pb

% +1.16% 47/0 +0.83% @

—

+0.21% B

—2.37% —

NLO:
(xsz ()cs3 Am,
79 16.30 - 19.64 +0.0345 +02% — +0.1%
qq 1.49 —0.3696 —248% - —-1.0%
qq 0.02 +0.0322 +161% — +0.1%
total 16.30 + 21.15 —0.3029 +14% — —0.8%

lnstitutg for nm
R. Harlander, Precision Higgs Physics, May 202 | " Partcl Physics |
oooooooooooo



o(scale) o (trunc) 0(PDF-TH) 0 (EW) o(t, b, c) 6(1/my)

TP £0.18pb  £056pb  £0.49pb  £0.40pb  =0.49 pb
A% L +116% 0 xossn (1% )
NNLO:
a’ a’ o
79 16.30 + 19.64 1 876  02% — 0.04%
q9q 1.49 + 0.84 248 % — 0.4 %
qq 0.02 + 0.10 161 % — 0.3%
total 16.30 + 21.15 4+ 9.79 35% —=0.74%

R. Harlander, Precision Higgs Physics, May 202 | Partcl Physics

oooooooooooo



R. Harlander, Precision Higgs Physics, May 202 |

gSM

m, — oo

H
Lo = Ci(a) —=Tr G, G" + L
V

Institute for

Theoretical I !uu I I I
Particle Physics
and Cosmology

QCD



gSM

lmt—>oo

H
Loi = Ci(a) =TrG,G" + £

higher orders in 1/mt:
need higher dimensional operators

R. Harlander, Precision Higgs Physics, May 202 | Particle Physics

oooooooooooo

n=3
QCD



H s
Lo = Ci(a) —=TrG,,G" + L]

higher orders in 1/mt:
need higher dimensional operators

R. Harlander, Precision Higgs Physics, May 202 |

gSM

lmt—>oo

QCD

H
C,(a )<—T1‘

Particle Physics
oooooooooooo

GMOGV>



dim 6 (0 +1)

44 1
06;1 = §TI‘(F12F13F23) ) (B.l)
dim 8 (1+1)
0,8,;1 = Tr(D1F23D4F>23F14); (’){3';2 = TI’(D1F23D1F24F34) . (B.Q)

dim 10 (3 + 2)

Olo.1 = Tr(D12F34D15F34F5), Op.0 = Tr(D12F34D5F34 D1 Fas), Ofg.3 = Tr(D2F34D15F34D1 Fas);

Olo.4 = Tr(D12F34 D1 Fa5 D2 Fys), Ofo.s = Tr(D12F34D12F35Fys). (B.3)

dim 12 (6 + 4)

Of2.1 = Tr(D123 Fus D126 Fas F36), Ofo.o = Tr(D123FasD16Fy5 Do Fsg), Otz = Tr(D13Fas D126 Fas Do Fig),

Of2.4 = Tr(D123 Fus DgFy5 D12 F36), Ofa.5 = Tr(D13FysDogFu5D12F36), Ofo.6 = Tr(D3FysD126Fs5D12F36);

Of2.7 = Tr(D12Fis D13F16 D23 Fs6), Ota.s = Tr(D12FasD123Fa6D3Fs6), Ofa.0 = Tr(D123F15D12F16 D3 Fs6),

Of2;10 = Tr(D123Fas D123 Fi6 Fse) . (B.4)

dim 14 (10 + 5)

O14.1 = Tr(D1234Fs6 D1237 Fs6 Fa7), O14.0 = Tr(D1234Fs6 D127 Fs6 D3Fy7), OYs.3 = Tr(D124 Fse D1237Fs6 D3Fa7),

O1s.4 = Tr(D1234Fs6 D17Fs6 Da3 Fyr), Ofa.5 = Tr(D124Fs6D137F56D23Fy7), Oty.6 = Tr(D14Fs6D1237 Fse Doz Fyr)

OY4.7 = Tr(D1234F56 D7 Fs6 D123 Faz), Of4.8 = Tr(D124F56D37Fs6D123Fa7), O14.0 = Tr(D14F56 Das7 Fs6D123Faz),

O14:10 = Tr(D4Fs6 D1237 Fs6 D123 Fur);

Of1:11 = Tr(D123Fs6 D124 F57 D34 Fe7), O14.12 = Tr(D1234 Fs6 D12 Fs7 D3aFer), O14.13 = Tr(D123 Fs6 D1234a Fs7 D4 Fer),
O1s:14 = Tr(D1234 Fs6 D123 Fs7 D4 Fer), O1a.15 = Tr(D1234Fs6 D1234F57Fer). (B.5)

dim 16 (15 4 7)

Of6:1 = Tr(D12345 Fe7r D1234s Fe7 Fss), Otg.2 = Tr(D12345 Fe7 D1238 Fer DaFss), Otg.3 = Tr(D123s For D1234s Fer DaFss),
Of6.4 = Tr(D12345 Fs7 D128 Fer D34 Fss), Ofs.5 = Tr(D123s FerD124sFe7D34Fss), Ofe.6 = Tr(D125F67D12318 F67 D34 Fis)
Of6.7 = Tr(D12345 Fe7 D18 Fer D23a Fss), Otg.8 = Tr(D123sFerD1asFerD23aFss), Ofg.0 = Tr(D125Fe7Di3asFer DazaFis),
Of6:10 = Tr(D15Fs7 D1234s Fer D231 Fss), Ofg.11 = Tr(D12345 Fer DsFer D1231Fs8), Of6.12 = Tr(D123s5Fe7 Das Fer D1234 Fs8),
O16:13 = Tr(D125 Fe7 D3as Fer D1234 Fs8), Otg.14 = Tr(D15Fe7Da3asFer D1234Fss), Ot.15 = Tr(DsFer D1234s Fer D1234Fs);
Of6.16 = Tr(D1234Fe7 D125 Fegs Daas Frg), Ofg.17 = Tr(Di23Fe7Di234s Feg Das Frg), Ofg.18 = Tr(D1234Fe7D1235Fes DasFrs), Jin, Ren, Yang ‘01
OYe:10 = Tr(D1234s Fer D123 Fes Das Frs), Otg.00 = Tr(D1234 Fer D123as Fes Ds Frg), Ofg.91 = Tr(D1234sFer D1234 Fes D5 Frs),
OYe:02 = Tr(D12345 Fer D12345 Fes Frs) . (B.6)
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dim 6 (0 + 1)

44 1
06;1 = §TI‘(F12F13F23) ) (B.l)
dim 8 (1+1)
0,8’;1 = Tr(D1F23D4F>23F14); Oé’;g = TI‘(D1F23D1F24F34) . (B.Q)

dim 10 (3 + 2)

Olo.1 = Tr(D12F34D15F34F5), Op.0 = Tr(D12F34D5F34 D1 Fas), Ofg.3 = Tr(D2F34D15F34D1 Fas);

Olo.4 = Tr(D12F34 D1 Fa5 D2 Fys), Ofo.s = Tr(D12F34D12F35Fys). (B.3)

dim 12 (6 + 4)

Of2.1 = Tr(D123 Fus D126 Fas F36), Ofo.o = Tr(D123FasD16Fy5 Do Fsg), Otz = Tr(D13Fas D126 Fas Do Fig), . .
Ofy;4 = Tr(D123 Fas DsFas D13 Fs6), Ofa;s = Tr(D13Fas DagFas D12 Fsg), Ofaq = Tr(DsFis DigeFas D12 Fae); |ﬂstead ) asym p’[O’[lC eXpaﬂSIOﬂS
Of2.7 = Tr(D12Fis D13F16 D23 Fs6), Ota.s = Tr(D12FasD123Fa6D3Fs6), Ofa.0 = Tr(D123F15D12F16 D3 Fs6),

Of2;10 = Tr(D123Fas D123 Fi6 Fse) . (B.4)

dim 14 (10 + 5)

O14.1 = Tr(D1234 Fs6 D1237 Fse Far), O1a.0 = Tr(D1234Fs6 D127 Fs6 D3Faz), OYy.a = Tr(D124Fs6 D1237Fs6 D3Fuz),

O1s.4 = Tr(D1234Fs6 D17Fs6 Da3 Fyr), Ofa.5 = Tr(D124Fs6D137F56D23Fy7), Oty.6 = Tr(D14Fs6D1237 Fse Doz Fyr)

O14.7 = Tr(D1234Fs6 D7Fs6 D123 Faz), Ofy.8 = Tr(D124F56 D37 FseD123Fa7), Ofs.0 = Tr(D14Fs6Do37Fs¢D123Faz),

O14:10 = Tr(D4Fs6 D1237 Fs6 D123 Fur);

O11:11 = Tr(D123Fs6 D124 Fs7 D34 Fe7), Of4.12 = Tr(D1234 Fs6 D12 F57 D34 Fe7), O1s.13 = Tr(D123 Fs6 D1234 Fs7 DaFer),

O1s:14 = Tr(D1234 Fs6 D123 Fs7 D4 Fer), O1a.15 = Tr(D1234Fs6 D1234F57Fer). (B.5)

dim 16 (15 4 7)

Of16:1 = Tr(D12345 F67 D1231s Fe7Fss), Ol6.0 = Tr(D12345 Fe7 D123s Fer DaFss), O1s.3 = Tr(D1235 Fe7 D1234s Fer D4 Fis),

Of6.4 = Tr(D12345 Fs7 D128 Fer D34 Fss), Ofs.5 = Tr(D123s FerD124sFe7D34Fss), Ofe.6 = Tr(D125F67D12318 F67 D34 Fis)

Of6.7 = Tr(D12345 Fe7 D18 Fe7r D23a Fss), Otg.8 = Tr(D1235Fe7D1asFerD23aFss), Otg.0 = Tr(D125Fe7Di3asFerDaga Fis),

Of6:10 = Tr(D15Fs7 D1234s Fer D231 Fss), Ofg.11 = Tr(D12345 Fer DsFer D1231Fs8), Of6.12 = Tr(D123s5Fe7 Das Fer D1234 Fs8),

Of6:13 = Tr(D125F67 D34s Fer D1234 Fss), Otg.14 = Tr(D15Fe7 D23asFer D1231 Fss), Ofe.15 = Tr(DsFer D1234s Fe7 D1234 Fs8);

Of6.16 = Tr(D1234Fe7 D125 Fegs Daas Frg), Ofg.17 = Tr(Di23Fe7Di234s Feg Das Frg), Ofg.18 = Tr(D1234Fe7D1235Fes DasFrs), Jin, Ren, Yang ‘01
OYe:10 = Tr(D1234s Fer D123 Fes Das Frs), Otg.00 = Tr(D1234 Fer D123as Fes Ds Frg), Ofg.91 = Tr(D1234sFer D1234 Fes D5 Frs),

OYe:02 = Tr(D12345 Fer D12345 Fes Frs) . (B.6)
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Asymptotic expansions

Calculating Wilson coefficient and matrix element “at once”:

RH, Ozeren ‘09
Pak, Regal, Steinhauser ‘09
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Top Quark Mass Effects in Next-To-Next-To-Next-To-Leading Order Higgs Boson

Production: Virtual Corrections D3H-19-045
Joshua Davies,! * Florian Herren,!*T and Matthias Steinhauser!:*
- —
e | IRNNTH
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Double-Higgs production
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Double-Higgs production

v.d.Bij, Glover ‘88
Plehn, Spira, Zerwas ‘96
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FTapprox  real radiation exact
Maltoni, Vryonidou, Zaro ‘14
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J. Grigo, J. Hoff, K. Melnikov, and M. Steinhauser, On the Higgs boson pair
production at the LHC, Nucl. Phys. B875 (2013) 1-17, [arXiv:1305.7340].

J. Grigo, K. Melnikov, and M. Steinhauser, Virtual corrections to Higgs boson pair
production in the large top quark mass limit, Nucl. Phys. B888 (2014) 17-29,

larXiv:1408.2422].
J. Grigo, J. Hoff, and M. Steinhauser, Higgs boson pair production: top quark mass

effects at NLO and NNLO, Nucl. Phys. B900 (2015) 412, [arXiv:1508.00909]. I—l EFT and
G. Degrassi, P. P. Giardino, and R. Grber, On the two-loop virtual QCD corrections :
to Higgs boson pair production in the Standard Model, Fur. Phys. J. C76 (2016), SUb_‘eadlﬂg terms

no. 7 411, [arXiv:1603.00385]|. .
D. de Florian and J. Mazzitelli, Two-loop virtual corrections to Higgs pair production, IN 1 / mt

Phys. Lett. B724 (2013) 306-309, [arXiv: 1305.5206]. th roug h NLO

D. de Florian and J. Mazzitelli, Higgs Boson Pair Production at
Next-to-Next-to-Leading Order in QCD, Phys. Rev. Lett. 111 (2013) 201801,

larXiv:1309.6594].
D. Y. Shao, C. S. Li, H. T. Li, and J. Wang, Threshold resummation effects in Higgs

boson pair production at the LHC, JHEP 07 (2013) 169, [arXiv:1301.1245]. I_l |:|_ | 'th rOugh NSLO

D. de Florian and J. Mazzitelli, Higgs pair production at next-to-next-to-leading
logarithmic accuracy at the LHC, JHEP 09 (2015) 053, [arXiv:1505.07122].

D. de Florian, M. Grazzini, C. Hanga, S. Kallweit, J. M. Lindert, P. Maierhfer,
J. Mazzitelli, and D. Rathlev, Differential Higgs Boson Pair Production at
Next-to-Next-to-Leading Order in QCD, arXiv:1606.09519.

L.-B. Chen, H. T. Li, H.-S. Shao and J. Wang, Higgs boson pair
production via gluon fusion at N°LO in QCD, Phys. Lett. B803 (2020)
135292| [1909.06808].
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Improved/alternative approximations:
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Combination with high-energy form factors (\/§ > m, > My, Myy):

Davies, Mishima, Steinhauser, Wellmann ‘18

0.05| el o grid o padé | |
= il Double Higgs boson production at NLO: combining
O I i | . . .
2 0o ¢ ’ﬁ-\ | = the exact numerical result and high-energy expansion
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& Joshua Davies®, Gudrun Heinrich®, Stephen P. Jones®, Matthias Kerner?,
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production in the large top mass limit
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Joshua Davies and Matthias Steinhauser,

0000"

Real-virtual corrections to Higgs boson pair
(d) production at NNLO: three closed top quark loops
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Application to BSM
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HH production

v.d.Bij, Glover ‘88
Plehn, Spira, Zerwas ‘96
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ZH production

LO

Kniehl ‘90

NLO 1/mt

Altenkamp, Dittmaier, RH, Rzehak, Zirke ‘13
Hasselhuhn, Luthe, Steinhauser ‘17
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ZH production

LO

Kniehl ‘90

NLO 1/mt

Altenkamp, Dittmaier, RH, Rzehak, Zirke ‘13
Hasselhuhn, Luthe, Steinhauser ‘17
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exact virtual: using Kira+Firekly:

4 production "; gluon fusion: two-loop Integral Reduction with Kira 2.0 and

amplitudes with full top quark mass Finite Field Methods

dependence P3H-20-076 P3H-20-041
Jonas Klappert*?®, Fabian Lange!®, Philipp Maierhofer*”, and Johann

Long Chen,*/ Gudrun Heinrich,” Stephen P. Jones,>? Matthias Kerner,® Jonas Usovitsch$:©

Klappert,” Johannes Schlenk?
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t H
| ! Borowka, Greiner, Heinrich, Jones, Kerner, Schlenk, Schubert, Zirke ‘16
Baglio, Campanario, Glaus, Muhlleitner, Spira, Streicher ‘19
H
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Z H production in gluon fusion: two-loop
> ‘V\/\/Z\/ amplitudes with full top quark mass
| dependence P3H-20-076
A
H Long Chen,*/ Gudrun Heinrich,” Stephen P. Jones,>? Matthias Kerner,® Jonas
< & — — — Klappert,” Johannes Schlenk?
. : : i ..
t ‘\/Vg\/ Top guark contribution to .two loop .heh(.:lty
| amplitudes for Z boson pair production in gluon
fusion
N NA, P3H-21-008
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