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Particle Discoveries
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“+ around 1950: “particle zoo”
new developments were driven by experiment

led to the development of the quark model [Gell-Mann, Zweig 1964]

» 1960’s: beginning of a theory-driven era

development of the Standard Model, concept of gauge theories
[Glashow, Salam, Weinberg 1967; Higgs 1964; t’Hooft, Veltman 1972, ...]



The theory-driven era

The Quark Idea
(up, down, strange)

(bottom)
(charm)
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“There is nothing new to be discovered in physics now.
All that remains is more and more precise measurement.”
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All that remains is more and more precise measurement.”

Lord Kelvin 1900

“In this field, almost everything is already discovered,
and all that remains is to fill a few unimportant holes.”

AVRAY> S 3

Max-Planck-Institut fiir Physik
)

(Werner-Heisenberg -Institut



“There is nothing new to be discovered in physics now.
All that remains is more and more precise measurement.”

Lord Kelvin 1900

“In this field, almost everything is already discovered,
and all that remains is to fill a few unimportant holes.”

J.P.G. von Jolly, 1809-1884, Professor of Physics,
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“There is nothing new to be discovered in physics now.
All that remains is more and more precise measurement.”

Lord Kelvin 1900

“In this field, almost everything is already discovered,
and all that remains is to fill a few unimportant holes.”

J.P.G. von Jolly, 1809-1884, Professor of Physics,
to Max Planck (considering to study physics)

(Planck replied that he did not wish to discover new things,
but only to understand the known fundamentals of the field)
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Standard Model

the Standard Model is “complete”, but leaves many
puzzling questions!

+ too many “ad hoc” parameters in the SM
* hierarchy problem

- dark matter

* baryon asymmetry in the Universe

- what drove inflation

* quantum theory of gravitation

o DARK
< 75% gnerGY
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We should perhaps finish with an apology and a caution. We apologize to ex-
perimentalists for having no idea what is the| scale of new physics, unlike the
case with| the Higgs, |and for not being sure of its couplings to other particles, except
that they are probably all very small.
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We should perhaps finish with an apology and a caution. We apologize to ex-
perimentalists for having no idea what is the mass of the Higgs boson, unlike the
case with charm [3,4] and for not being sure of its couplings to other particles, except
that they are probably all very small. For these reasons we do not want to encourage
big experimental searches for the Higgs boson, but we do feel that people performing
experiments vulnerable to the Higgs boson should know how it may turn up.
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top quark: importance of precision measurements/calculations

Limits or estimate vs time
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importance of precision

Top pole mass M, in GeV

50| Stability
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Higgs pole mass M;, in GeV

Buttazzo,Degrassi, Giardino, Giudice,
Sala, Salvio, Strumia 13

My (GeV]
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- experimental errors 68% CL
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'SM|M,, =125.6 £ 0.7 GeV.

i Heinemeyer, Hollik, Stockinger, Weiglein, Zeune ’'13
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Heinemeyer, Hollik, Stockinger,
Weiglein, Zeune '13

there is a lot we can learn without immediate discoveries of new particles



precision measurements: W boson mass

MW experimental values Global EW fit compared to ATLAS results
T ~ , ]
RS ATLAS ® ® - ATLAS 5 m, =80.370  0.019 GeV -
DELPHI s G, 80.5r Bl - 17284 -0.70 GeV -
Ez ; - M, = 12509 = 0.24 GeV
L3 ° 80.45— w= 68/95% CL of m,, and m, —
OPAL ® N .
CDF —— 80.4-— __
S S ) ol 80.35F .
ATLAS W' — - .
® Measurement - we 68/95% CL of ElectroweaL
80.3—

ATLAS W = Stat, Uncertainty | ol - Fit wio m,, and m, -
ATLAS W* —— Full Uncertainty — - (Eur. Phys. J. C74 (2014) 3046)
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80250 80300 80350 80400 80450 80500 165 170 175 180 185

my, [MeV] m, [GeV]
mw = 80370 + ATLAS arXiv:1701.07240 mw = 80356 &+ 8 MeV
A. Vicini, LHCP 2017

extraction of My from shape of pfp distribution

distortion of shape at permil level leads to O(10 MeV) shift in mass

—> control of radiative corrections distorting the shape extremely important!



profile of the Higgs boson
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profile of the Higgs boson
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Higgs boson self coupling(s)?

see later; triple Higgs coupling can be measured at HL-LHC



importance of precision

P. Meridiani, E
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we need to be able to identify small deviations from the SM



: what could these (freely invented) datatell’""
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non-perturbative effects

(hadronisation, MPI, pile-up, ...

fixed order calculations
* | NLO (acp+ew), NNLO, ...

guark mass effects

parametric uncertainties
(e.q. couplings, masses)
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artwork by G.Luisoni




theorist’s basic toolbox

)
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* perturbative expansions, e.g.
& = ag(pn) [6%° + as(u) 8N (1) + a2(1) 6O () + .



QCD corrections: building blocks

example 2 to 2 scattering

LO: usually tree level diagrams M

individual contributions are divergent

* requires the isolation of the singularities
dimensional regularisation: D = 4 — 2¢

* need a good subtraction method for
singularities of individual contributions

o NLO :/ [daR — das] +/ doV + /dO'S
m+1 e=0 m —~ S
A

- / cancel poles
v

numerically i analytically |

N

corrections

e=0
-

Y
numerically

infrared

subtractions



QCD corrections: building blocks
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ottlenecks: IR subtraction two-loop integrals
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harder with more massless particles
(intricate IR singularity structure)

two-loop

integrals



- example 2-jet final state
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bottlenecks: IR subtraction two-loop integrals
harder with more massless particles harder with more massive/off-shell particles
(intricate IR singularity structure) (more scales = more complicated

analytic structure)



(analytic) results for two-loop integrals

2-loop 4-point:  (black lines are massless, red lines massive)

» all massless: < ba

planar: Smirnov 99 non-planar: Tausk ‘99
| * ONe massive |eg: Gehrmann and Remiddi '00-‘02
. e.g. pp to V+jet \/ Moch, Uwer, Weinzierl ‘02
Gehrmann, Tancredi, Weihs '13 U
 tWO massive |egS- _/ \ Gehrmann, von Manteuffel, Tancredi, Weihs 14 L
i K/; Caola, Henn, Melnikov, Smirnov ‘14
e.g. ppto VV Papadopoulos, Tommasini, Wever ‘14
* massive propagators (also massive on-shell legs) e.g. tt J/

Czakon et al '07-‘13 (numerically) x /

Bonciani, Ferroglia, Gehrmann, von Manteuffel, Studerus '10, ‘13 (analytic, partial, tT)

Henn, Smirnov ’'13 (analytic, partial, Bhabha)
Mastrolia, Passera, Primo, Schubert ’17 (analytic, partial, [l €)

: = N\ N \—
- massive propagators (one mass) é

Bonciani, Di Vita, Mastrolia, Schubert *16; e.g. mixed QCD-EW corrections to ¢
Drell-Yan, analytic, partial ~— ——

von Manteuffel, Schabinger ’17



agators + massive legs with different mass




results for two-loop integrals

+ massive propagators + massive legs with different mass
o additional mass scales) e.g. g9+ HH

4 independent scales
s12, s23, mH, mt

:: analytic results for mas‘té :
: mostly unknown;
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graphics by S.Jones

* NLO calculation with full top mass dependence

Borowka, Greiner, GH, Jones, Kerner, Schlenk, Schubert, Zirke ‘16

- all integrals calculated numerically with SecDec

e total number of integrals; before reduction: ~10000, after reduction ~330,
after sector decomposition 11244 (3086 non-planar)



SecDec is hosted by Hepforge, IPPP Durham

SecDec
Sophia Borowka, Gudrun Heinrich, Stephan Jahn, Stephen Jones, Matthias Kerner, Johannes Schienk, Tom Zirke

A program to evaluate dimensionally regulated parameter integrals numerically

home download program user manual faq changelog

NEW! The latest version of pySecDec is available on github. The manual is available on readthedocs.
Download the version 1.1.2 of pySecDec as pySecDec-1.1.2.tar.gz. The manual is available here.
Download version 1.1.1 of pySecDec as pySecDec-1.1.1.tar.gz. The manual is available here.
Download version 1.1 of pySecDec as pySecDec-1.1.tar.gz. The manual is available here.

i 1_;_.:;1... 5-” The first release version of pySecDec can be downloaded as pySecDec-1.0.tar.gz. The manual is available here.
R See also the corresponding paper arXiv:1703.09692.

algorithm:  T. Binoth, GH ‘00
version 1.0: J. Carter, GH ‘10

version 2.0: S.Borowka, J. Carter, GH ‘12

version 3.0: S.Borowka, GH, S.Jones, M.Kerner,
J.Schlenk, T.Zirke ‘15

pySecDec: S.-Borowka, GH, S.Jahn, S.Jones,
M.Kerner, J.Schlenk, T.Zirke 17


http://secdec.hepforge.org
https://github.com/mppmu/secdec/releases

B numerical evaluation of multi-loop integrals S

SecDec is hosted by Hepforge, IPPP Durham

SecDec
Sophia Borowka, Gudrun Heinrich, Stephan Jahn, Stephen Jones, Matthias Kerner, Johannes Schienk, Tom Zirke

A program to evaluate dimensionally regulated parameter integrals numerically

home download program user manual faq changelog

NEW! The latest version of pySecDec is available on github. The manual is available on readthedocs.
Download the version 1.1.2 of pySecDec as pySecDec-1.1.2.tar.gz. The manual is available here.
Download version 1.1.1 of pySecDec as pySecDec-1.1.1.tar.gz. The manual is available here.
Download version 1.1 of pySecDec as pySecDec-1.1.tar.gz. The manual is available here.

The first release version of pySecDec can be downloaded as pySecDec-1.0.tar.gz. The manual is available here.
See also the corresponding paper arXiv:1703.09692.

algorithm:  T. Binoth, GH ‘00
version 1.0: J. Carter, GH ‘10

version 2.0: S.Borowka, J. Carter, GH ‘12

version 3.0: S.Borowka, GH, S.Jones, M.Kerner, New!
J.Schlenk, T.Zirke ‘15 can be used as

pySecDec: S.Borowka, GH, S.Jahn, S.Jones, an integral library
M.Kerner, J.Schlenk, T.Zirke ‘17



http://secdec.hepforge.org
https://github.com/mppmu/secdec/releases

(analytic) results for two-loop integrals

2-loop 4-point: (black lines: massless, red: massive/off-shell)

IZNE
N

planar: Smirnov '99 non-planar: Tausk 99

massless:

r;* .. pp tO VV

Papadopoulos Tommasml Wever

* massive propagators (also massive on-shell legs) e.g. tt

Czakon et al ’'07-‘13 (numerically) X /
Bonciani, Ferroglia, Gehrmann, von Manteuffel, Studerus ’10, ‘13 (analytic, partial, tT)

Henn, Smirnov 13 (analytic, planar, Bhabha)
m

Mastrolia, Passera, Primo, Schubert ’17 (analytic, partial)

* massive propagators (one mass)
Bonciani, Di Vita, Mastrolia, Schubert ’16;

von Manteuffel, Schabinger ’17



(analytic) results for two-loop integrals

(black lines: massless, red: massive/off-shell)

IZNE
N

-'qu 4-point:

planar: Smirnov '99 non-planar: Tausk 99
S |Ve|eg o / Gehrmann and Remiddi.foQ?"'
to V+iet \ Moch, Uwer, WeleerlOza: '~

e Gehrmann, Tancredl,:,V\gj
1 Iegs | / Gehrmann, von Manteuffel, Tz
Teae bl i Caola, Henn, Melnikov, Smirno

Papadopoulos, Tommasini, Wever ‘14

* massive propagators (also massive on-shell legs) e.g. tt

Czakon et al ’'07-‘13 (numerically) \ /
Bonciani, Ferroglia, Gehrmann, von Manteuffel, Studerus ’10, ‘13 (analytic, partial, tT)

Henn, Smirnov 13 (analytic, planar, Bhabha)
{VV\\::

Mastrolia, Passera, Primo, Schubert ’17 (analytic, partial)

* massive propagators (one mass)
Bonciani, Di Vita, Mastrolia, Schubert ’16;

von Manteuffel, Schabinger ’17



(analytic) results for two-loop integrals

black lines: massless, red: massive/off-shell)

IZNE
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sector decom

planar: Smirnov '99 non-planar: Tausk 99
/ Gehrmann and Remiddi '00-'0
\ Moch, Uwer, Wein-z_ié_rl"OZ,

Gehrmann, Tancredi, Weihs™
/ Gehrmann, von Manteuffel, Tan -V
i Caola, Henn, Melnikov, Smirnov ‘14
Papadopoulos, Tommasini, Wever ‘14

* massive propagators (also massive on-shell legs) e.g. tt

Czakon et al ’'07-‘13 (numerically) X /
Bonciani, Ferroglia, Gehrmann, von Manteuffel, Studerus ’10, ‘13 (analytic, partial, tT)

Henn, Smirnov 13 (analytic, planar, Bhabha)
m

Mastrolia, Passera, Primo, Schubert ’17 (analytic, partial)

* massive propagators (one mass)

Bonciani, Di Vita, Mastrolia, Schubert ’16;

von Manteuffel, Schabinger ’17



(analytic) results for two-loop integrals

checked numeno” y

2-Iop 4-point: (black lines: massless, red: massive/off-shell) seclor decompo

IZNE
N

planar: Smirnov '99 non-planar: Tausk 99

* massive propagators (also massive on-shetfilegs)e:g:iddy win /

Czakon et al '07-13 (numerically) sector decomposition \ /
Bonciani, Ferroglia, Gehrmann, von Manteuffel, Studerus ’10, ‘13 (analytic, partial, tT)

Henn, Smirnov 13 (analytic, planar, Bhabha)

Mastrolia, Passera, Primo, Schubert ’17 (analytic, partial)

* massive propagators (one mass)
Bonciani, Di Vita, Mastrolia, Schubert ’16;

»

von Manteuffel, Schabinger ’17



(analytic) results for two-loop integrals

checked numeno” y

2-Iop 4-point: (black lines: massless, red: massive/off-shell) seclor decompo

NS
N

planar: Smirnov '99 non-planar: Tausk 99

* massive propagators (also massive on-shetfilegs)e:g:iddy win /

Czakon et al '07-13 (numerically) sector decomposition \ /
Bonciani, Ferroglia, Gehrmann, von Manteuffel, Studerus ’10, ‘13 (analytic, partial, tT)

Henn, Smirnov 13 (analytic, planar, Bhabha)

Mastrolia, Passera, Primo, Schubert ’17 (analytic, partial)

* massive propagators (one m _ _
checked numerically with
sector decompc@ X

»

Bonciani, Di Vita, Mastrolia, Schubert ’16;

von Manteuffel, Schabinger ’17



Exploring the Higgs sector

1 1
SM: V(<I>) G —>\<I>4
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can be measured e.g. in Higgs boson pair production

g(k1) CH(ks)  g(k) H (ks)
-@
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> SM 7
current best limit oy < 190% 5  (bbyychannel) %

measurement of )\Sh Only at HL-LHC \1_.\.1’1.5.11»}.Alvl.f;ﬂ.y,;.'4"....'-m.mk
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largest cross section from gluon fusion, but still
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Higgs boson pair production in gluon fusion

g L H g — - H|
g AN H g
v¢ — 00 limit: “Higgs Effective Field Theory” (HEFT) | | —_— Z;?g)

A 4.‘. (S

| HEFT StriCtIy valid Only for \/g < th - Valldlty of HEET limited to
HH production threshold: 2m g < \/§ 250 GeV < V5 < 340 GeV |
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_ Max-Planck-Institut fiir Physik
MAX-PLANCK-GESELLSCHAFT (Weetrax Hecanberg-lasting)




Higgs boson pair production

In gluon fusion

m¢ — OO limit: “Higgs Effective Field Theory” (HEFT)

Note:

HEFT strictly valid only for v/ < 2m; }
HH production threshold: 2mpyg < V&

—> validity of HEFT limited to

250 GeV < V'§ < 340 GeV

“Born-improved NLO HEFT”: rescale by M%© (m,) / MED.r

NLO in Born-improved HEFT Dawson, Dittmaier, Spira ‘98 (HPAIR) [{ ~ 9

- supplemented with 1/m; expansion: (-

-10%)

Grigo, Hoff, Melnikov, Steinhauser ’13, 15 ; Degrassi, Giardino, Grober 16

* full mass dependence in NLO -
real radiation (“FTapprox”)

Frederix, Hirschi, Mattelaer, Maltoni, Torrielli, Vryonido
Maltoni, Vryonidou, Zaro '14

MAX-PLANCK-GESELLSCHAFT

10%

u, Zaro '14;
QpDyztt

Max-Planck-Institut fiir Physi

--H

g ,H q > -
LO with full heavy quark mass dependence :::D”.:' |Q 1
Glover, van der Bij ‘88, Plehn, Spira, Zerwas 96 g oy o B

H



Higgs boson pair production in gluon fusion

NNLO in m+ — o0 limit: +20%

e total xs NNLO De Florian, Mazzitelli '13
* including all matching coefficients Grigo, Melnikov, Steinhauser '14

- supplemented with 1/m; expansion: Grigo, Hoff, Steinhauser 15

« soft gluon resummation NNLL matched to NNLO +9%
Shao, Li, Li, Wang '13, De Florian, Mazzitelli ‘15

o differential NNLO De Florian, Grazzini, Hanga, Kallweit, Lindert, Maierhéfer, Mazzitelli, Rathlev ‘16

* NLO calculation with full top mass dependence

Borowka, Greiner, GH, Jones, Kerner, Schlenk, Schubert, Zirke ‘16 q .

- g7 resummation NLL+NLO Ferrera, Pires 16
g .
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mass effects versus parton shower effects

GH, S.Jones, M.Kerner, G.Luisoni, E.Vryonidou 1703.09252
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mass effects versus parton shower effects

GH, S.Jones, M.Kerner, G.Luisoni, E.Vryonidou 1703.09252

10-2 L Full SM NLO
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@ had we only the Born-improved HEFT results, %
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Summary and outlook

* the Higgs sector is just starting to get explored
it is likely that New Physics is hiding in small deviations

* precision calculations and -measurements become vital

 the calculation of higher order predictions saw an amazing boost
due to . deeper insights into the structure of scattering amplitudes

* new ideas for the calculation of master integrals,
both analytically and numerically

- advances in the treatment of IR divergent real radiation at NNLO



Summary and outlook

* the Higgs sector is just starting to get explored
it is likely that New Physics is hiding in small deviations

* precision calculations and -measurements become vital

» the calculation of higher order predictions saw an amazing boost
due to . deeper insights into the structure of scattering amplitudes

* new ideas for the calculation of master integrals,
both analytically and numerically

- advances in the treatment of IR divergent real radiation at NNLO

physics
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computing




The Standard Model is unlikely to be the full picture

precision calculations/measurements
may uncover the unexpected !
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scaling behaviour

10°
1071 E — -
B . ]
N 8 = 1 . ]
~ - _,_' | ‘_‘_‘_‘_‘—\_|_-
= 12| =
_ = [ —
_§ — LO
E —— B-i. NLOHEFT
< 1073 — NLO FTapprox =
; —— LObasicHEFT :
—— NLO basicHEFT
10~ — NLO
103

BT A

Ll s : . o
~ m,; i.e. partonic cross section scales as §*
] ] da— ] N\ A

HEFT approximation: ~ mpp L€ 0~ S

dmhh
similar for H+Jet3 [Greiner, Hoche, Luisoni, Schonherr, Winter ‘16 ]

do :
E /7, with a = 2(full),a = 1(HEFT) )4,.A,>,t:
dp T7h : Max-Planck-Institut fir Physik

MAX-PLANCK-GESELLSCHAFT (Watraw-Hectanberg-lastinat)
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0.20 p—

0.15}

—~ 0.10

————
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N L L IR
1 4 TeV — B-i. NLOHEFT
R — NLO FTapprox
— LObasicHEFT ]
i — NLO basicHEFT A
1 — NLO
_ B
%} —————+— } }

mpp [GGV]

for large invariant masses:

300 400 500 600 700 800 900 1000

——
LO

B-i. NLOHEFT
NLO FTapprox
LO basic HEFT

NLO

NLO basic HEFT 1

mMup [GGV]

Born-improved NLO HEFT overestimates by about 50%, FTapprox by about 40%
(at 14 TeV, worse at 100 TeV)

top quark loops resolved = HEFT has wrong scaling behaviour at hig

full mass dependence at NLO more important for shape than
NNLO in an approximate theory (HEFT)
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cross sections at 14 TeV

Lo = M / 2
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oro[fb] onLo|fb] | onnLO ]
HEFT 17.075555¢ | 319351197 | 37.5272¢%
B-i. HEFT | 19.851276% | 38.32+18.1%
Flapprox | 19.857305% | 34.267}47
full m; dep. 19.85"_%5:(55;2 32.9123;2?;

PDFA4LHC15 nlo_30_pdfas

my=125GeV, m;=173 GeV
uncertainties: ppp € [1o/2,2 pp] (7-point variation)
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HXSWG: ONNLL = ONNLL
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full analysis requires inclusion of
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2 other operators, e.g. tthh coupling
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TIMELINE BEYOND RUN?2 @\ INFN

Istitute Naziarale & Fisica Nucleare

Credits: A. David @ GRC 2017
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results for two-loop integrals

* massive propagators + massive legs with different mass —
(two additional mass scales) e.qg. g9 —» HH

Borowka, Greiner, GH, Jones, Kerner, Schlenk, Schubert, Zirke ‘16 numerically — L

~ * same number of scales e.g. H+jet:
5 _ lots of work on elliptic functions, some integrals still unknown
. Tancredi, Remiddi ’16; Adams, Bogner, Weinzierl '15,’16

Bonciani, Del Duca, Henn, Frellesvig, Moriello, Smirnov '16

Tancredi, Primo ’16,’17; Abreu, Britto, Duhr, Gardi '17
b-mass dependence: Melnikov, Tancredi, Wever '16,'17

2-loop 5-point:

Geh Henn, Lo Presti ‘1
- all massless, p|anar: > ehrmann, Henn, Lo Presti ‘15
e.g. pp to 3jets

e One off-shel |eg, p|anar: > Papadopoulos, Tomassini, Wever ’15
e.g. pp to H+2jets

- non-planar still unknown —< - —




‘including dimensio

Invariant mass of the WW pair (13 TeV, dynamic scale)
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HPL(e'™/2y + HPL(e'™/3)+elliptic

Stefano Laporta, High-precision calculation of the 4-loop contribution..., RADCOR, St.Gilgen, 290 Sep QOREge 19




