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L &P and the top quark

Similarly, precision calculations of e"e™ collisions, together with the
most precise measurements at LEP allowed us to know about the
existence of the top quark, and even to estimate the value of its
mass before it was directly discovered at the Tevatron

* Mass of the top quark from indirect
determinations at LEPI and SEC R =S

* First direct production at the Tevatron in
994 mMiep = (I 74 £ 16) GeV
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L HC as a precision machine

® [raditionally

= e"e colliders: precision machines because of clean
environment

= proton-proton colliders: discovery machines since higher
energles are more easlily achieved

® First change of perspective with the Tevatron and revolution
with the LHC: hadron collider as a precision machine
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Role of precision theory

® [hanks to accelerator, experiments and computers, precision

measurements are already a reality

® T[hisis a game changer which doubles the value of the LHC and HL-LHC

» when new particles are found directly = precision measurements

of properties, which are needed to understand the new underlying
theory (this Is happening now for the Higgs boson)

» but also precision tests bring iIn new possibilities, complementary to
direct searches (like for Uranus)

® |n this endeavour, precise theory predictions are crucial to enhance
sensitivity

Giulia Zanderighi, Higgs and Electroweak: theory overview



Precision via perturbation

Number of events computed as successive approximations
with addrtional terms that become smaller and smaller.
More terms in the approximation = improved accuracy
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Precision via perturpation

Number of events computed as successive approximations
with addrtional terms that become smaller and smaller.
More terms In the approximation = improved accuracy

T —

Example: number of Higgs bosons at production in millions (end 2016)

e AT LAS and
2 CMS data

LO (leading order): |
approximation

NLO (next-to-leading order):
2nd approximation

NNLO (next-to-next-to-leading
order): 37 approximation

N3LO: ... [70000000 loop
integrals!]

Millions of Higgs boson at LHC

Successive approximations versus LHC data
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Precision via perturbation

Number of events computed as successive approximations
with addrtional terms that become smaller and smaller.
More terms in the approximation = improved accuracy

Example: number of Higgs bosons at production in millions (end 2016)

e AT LAS and
2 CMS data

LO (leading order): |
approximation

NLO (next-to-leading order):
2" approximation

NNLO (next-to-next-to-leading
order): 37 approximation

N3LO: ... [/0000000 loop
integrals!]

O NLO
(1977) B (1991

Successive approximations versus LHC data

Millions of Higgs boson at LHC
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Precision via perturpation

Number of events computed as successive approximations
with addrtional terms that become smaller and smaller.
More terms in the approximation = improved accuracy

T —

Example: number of Higgs bosons at production in millions (end 2016)

e AT LAS and
2 CMS data

LO (leading order): |
approximation

NLO (next-to-leading order):
2nd approximation

NNLO (next-to-next-to-leading
order): 37 approximation

N3LO: ... [70000000 loop
integrals!]

Millions of Higgs boson at LHC

O NLO I NNLO
(1977) I (1991) § (2002)

Successive approximations versus LHC data

Giulia Zanderighi, Higgs and Electroweak: theory overview



Precision via perturbation

Number of events computed as successive approximations
with addrtional terms that become smaller and smaller.
More terms in the approximation = improved accuracy

P ——

Example: number of Higgs bosons at production in millions (end 2016)

ATLAS and
CMS data

LO (leading order): |
approximation

NLO (next-to-leading order):
2" approximation

NNLO (next-to-next-to-leading
order): 37 approximation

N3LO: ... [/0000000 loop
integrals!]

Millions of Higgs boson at LHC

LO NLO I NNLOI N3LO
(1977) I (1991) | (2002) § (2015)

Successive approximations versus LHC data
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Precision via perturbation

Without NNLO & N3LO results:

=we could not perform any precision test of the Higgs boson
= we would think that we have discovered New Physics!

e AT LAS and
2 CMS data

LO (leading order): |
approximation

LO & NLO theory
results alone are

NLO (next-to-leading order):
2" approximation

NNLO (next-to-next-to-leading
order): 37 approximation

N3LO: ... [/0000000 loop
integrals!]

e Nle iIncompatible with
(1977) B (1991 Higgs data

Successive approximations versus LHC data

Millions of Higgs boson at LHC
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Why do we need millions of H

Discovery & mass measurement
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Higgs lies in a fantastic spot where to study the Higgs coupling.
Incredibly rich phenomenology.
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laming backgrounds

Example:
Higgs production in association
with top—quarks with H — bb ‘§ - ATLAS Preliminary #Data  [ll¢tH (Sm)
YO0 soq3Tev, 132 [Jaw [z
b [ WZ +1b-tag VR [] Diboson [ Non-Prompt
S0 DOther %Total uncertainty_-
2 |
: W 4 -:
5 |
DOOBEO0) O b g
N |
Yy - - = = ]
8 t W ';
8 9
b Njets

Need precision not just for Higgs signals, but also for all SM
backgrounds, in particular events involving many jets
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Example: 2 sluons — 4 gluons
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o rwar combder the croms section In the nelghborhood of
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ch |
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complexity is such that they may not be evaluated in the "W Gan iov sembalas e s v wowd
foreseeable future. It is worthwhile to seek estimates of -
the four-jet cross sections, even if these are only reliable in
restricted regions of phase space.

mm-ww;m-a—

It » spparcee thae these questioss arc amerable to de-
talled (nvestigation with the ad of sealistic Monie Carlo
dultions. Goven the dlemernary Two sthiree croms sed-
1hoss and somonoble paretnctrications of the fragmonia-
tion functioes, thes cacrcine can be carmcd out wieh some
degree of confidence.

Foe multget cveats contaniag more than thoee jeos, the
theoretical witsation s wmunnhn more primdcive, A

nam: daan. mac- uﬁun for !hc dmn&-'y
two—+four procoses bave not been calculated, and ielr
complesity w sech that they may not be evaluasad (n the
foressoabie Tonure, Bt s worthwhile 10 sek sstinanes of
the fuw j« eroes secticen, even if these are only reliabic

pom. w..maﬂr‘ - Mn o n;, lnl " Al e p.nm
monencamn fractions are soonll, the 190 LORstions may
be treated o umoorrelnad. The reselting fourjet crow
soction with tramsserse esergy £y may then be approxi-

uhdm-h of this topology shoukd be posalbie muted By

J

Supercollider physics

E. Eichten
Fermi Narional Accelerator Laboratory, P.O. Box 500, Batawia, Illinois €0520

R b

(1984)

1. Hinchiiffe
Laweence Berkeley Labovatory, Berkeley, Ca¥iformia 94720

K. Lane
The Okio State University, Columbus, Oklo 43210

C. Quigg
Fermi National Accelerator Laborgtory, P.O. Box 500, Batasva, Himois 60510

Eichten et al. summarize the motivation for exploring the 1-TeV (=107 V) encrgy scale in elementary
particle intersctions and explore the capabilities of proton-(antijproton colliders with beam energies between
I and 50 TeV, The authors calculate the production rates and characteristics for a number of conveational
processes, and discuss their intrissic physics interest as well as their rale as backgrounds 1o more exotic
phenomnesa. The authors review the theoretical motivation and expected sigratures for several new phe-
nomena which may occur on the 1-TeV scale. Their results provide a reference point for the chosce of

machine parameters and for experiment design.
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In view of the promise that multije spectroscopy bolds,
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0. Surymary

We concdade tis section with » brief ssmnmary of the
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comples Higgs doddet. The particles associated with the
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chargad imterrechate bosces W5 the noutrd intermadi-
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cxample: 2 gluons — 4 gluons

Consider the amplitude for two gluons to collide and produce

four gluons: gg — ggogg,
Before modern computers, this would have been barely tractable

even at leading order (LO)

W +W—|—W—|— 217 diagrams
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Example: 2 gluons — 4 gluons

In 1985 Parke and Taylor took up the challenge, using
v the most advanced theoretical tools avallable
v the world best computers
they produced a final formula that would fit in 8 pages

THE CROSS SECTION FOR FOUR-GLUON PRODUCTION
BY GLUON-GLUON FUSION

Stephen J. PARKE and T.R. TAYLOR
Fermi Nanonal Accelerator Laboratory, P.O. Box 500, Batavia, IL 60510 USA

Received 13 September 1985

The cross section for two-gluon to four-gluon scattering 1s given in a form suitable for fast
numerical calculations.

e ——— ———raassestEEONRTTT
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Example: 2 sluons — 4 gluons

a2 S Perke, T.R. Taylor | Fowr ghaon producion

of our caleulation, the most powerful 163t does not rely on the gauge symmetry, but
on the appropriste permutation symmetries. The functhon A py, £i, Py, Pas Pr B4)
must be symmetric under arbitrary permutations of the momsenca (p,, py, ps) and
separately, (py, Py, Po), Whereas the fusction A;(p,, Pi Py Po P Pe) must be sym-
metric under the permutations of (p, p;, py, Pu) and separately, (py, po). This test is
extremely powerfel, because the required permutation symmetries are hidden in
our supersymmetry relations, egs. (1) and (1), and in the structure of amplitodes
lnvolvmg differemt species of pl'bd.ﬂ Another, vel'y llpomlnt test relies oa the

pements based on the lnbaty comservation. anlur in the ku&ng 5,
pole spperoximation, the snswer should reduce to the two goes to three cross section
13, 4), comvoluted with the sppropriate AMarelli-Parisi probabilities [5], Owr ressh
ha ueoed’ully passed both these numerical checks.

, celation, wm with a fell exponmoa of our techolc

‘e thank Keith Ellis, Chris Quigg and especially, Estia Eichtea for many useful
iussions and encoursgement during the course of this work. We acknowledge

N 1. Hinchifle, K. Lare and C Quigg, Rev. Mod. Phys. 56 (1984) 573
; N.a.mnmumnm

(£)] CL Nhﬂlh il O Pariwe, Nod, P, Blh 1y ¥

Furthermore, we hope to obtain a simple analytic
form for the answer, making our result not only an experimentalist’s, but also a
theorist’s delight.
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Finding simplicity

Soon afterwards they could guess an incredible, unanticipated
simple form (for a fixed helicity configuration) ...

(ab)*
(12)(23)(34)(45)(56)(6 1)

Giulia Zanderighi, Higgs and Electroweak: theory overview



Finding simplicity

... which naturally suggested the result for an arbrtrary number
of gluons

(ab)*
(12)(23)(34)(45) --- (n 1)

Giulia Zanderighi, Higgs and Electroweak: theory overview



Iwenty years later (2004)

 After Parke-Taylor and a number of other results the
calculation of LO amplitudes was soon mastered

* Yet, the calculation of NLO QCD corrections remained a big
challenge for more than twenty years

* One calculation (article) per process considered

* No automation was In sight

Giulia Zanderighi, Higgs and Electroweak: theory overview



Thirty years later (20 14)

Suddenly, thanks to theoretical conceptual breakthrough

ideas

» connection between NLO amplitudes
and LO ones

* Input from supersymmetry/string
theory

* sophisticated algebraic methods

* connections with formal theory and
BEEENmmatnemarics . ..

the problem of computing NLO QCD corrections is now solved

Giulia Zanderighi, Higgs and Electroweak: theory overview



Automated NLO

Example: single Higgs production processes (similar results available for all
SM processes of similar complexity, backgrounds to Higgs studies)

Process Syntax Cross section (pb)
Single Higgs production LO 13 TeV NLO 13 TeV

1 34.8% +1.2% ‘ 1 20.2% +1.1%

g1  pp—H (HEFT) pp>h 1.593 + 0.003 - 10 j,_,s_oryn jm% 3.261 +0.010 - 10 f”_gz% jm%
g2  pp— Hj (HEFT) pp>hij 8.367+0.003 - 100 F324% +12%  142240.006 - 10" FI5E% +11%
g3  pp— Hjj (HEFT) pp>hijj 3.020+0.002 -10° F3}1% 1A% 512440.020 - 100 F297% +1.3%

g4  pp—Hjj (VBF) PP>hjj 88w w-z  1987£0002-10° *y0e Y10 1.900£0.006 -10° *god FIog
g5  pp—Hjjj (VBF) PP>hjjj$swtw-z 2824+0.005-10-1 FI3T% +1%  3085+0.010 -10-1 +20% +15%

g6 pp—HW= pp>h wpn 1.195+0.002 - 10° #3357 +1-9%  1.4194+0.005 - 10° F32% +1-0%
S y 3.6% +1.2%

T £
* > +0.9%
2.8 PP % —0.6%
, +1.9%

g9 pp 2.5% —14%
g10  pp % fgiofé
* , +0.7%
g.11*  pp % —0.6%
* 2.5% 4+2.0%
g12* pp—HW : S —~0.3% —1.6% ' 9% 4—_1.5:70
g13* pp—HWy pp>huwpna 2.518 £ 0.006 - 10-3  +7% 1% 3.3004£0.011 - 103 FZ2TE LT
g.14* pp—HZIW* pp>hzwpnm 3.763+0.007 -10~* F1I% +20% 5902+ 0.015 - 102 3% +18%
g15* pp—HZZ pp>hzz 2.093+0.003 -10~% Fpe% H17% 253840007 - 1073 FOF 0%
gl6  pp— Hit PP>htt~ 3.579+0.003 -10~1 F300% +11% 4 608+ 0.016 - 10~ 37T +2.0%
gl7  pp—Hij pp>h tt] 4.994£0.005 - 10 T30 *15F  6.328+0.022-107% R 10
g.18  pp— Hbb (4f) pp>hbb~ 4.983+0.002 - 101 FBLEALS% 6085+ 0.026 - 1071 oAk FL6%
219  pp— Hittj pp>htt~j 2.674+0.041 - 1071 FE% 2O 3.2444£0.025 - 1071 F3O% 20
* T . . -2 +45.6% +1.8% -2 47.9% +1.83%
2.20*  pp—s Hbbj (4f) pPp>hbb~ j 7.367+0.002 - 1 Fa6% +18% 9.034+0.032 - 1 e aor
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NLO & NNLO versus data

__ NNLO

50— WzZ-wlii
~ e ATLAS Vs=13TeV (m, 66-116 GeV), 3.2 fb"
— A ATLAS Vs=8TeV (m,  66-116 GeV), 20.3 fb"
40— = ATLAS Vs=7TeV (m, 66-116 GeV), 4.6 fb”
— Vv DO Vs=1.96 TeV (m, , 60-120 GeV), 8.6 fb™

| & CDF ys=1.96 TeV (corr. tom_ _60-120 GeV), 7.1 b

ol [pb]

~—NLO

Illlllllllllll Il 11

30 ___ Z-
20—
= — MATRIX NNLO, pp—>WZ (m, 66116 GeV) _|
— NNPDF3.0, j1_=jt_=(m,_+m,)/2 -
10— ~—MCFM NLO, pp—>WZ (m,  66-116 GeV) _|
- L’ CT14nlo, i =1 =m,,,/2 .
I For" = -MCFM NLO, pp—~>WZ (m, 60-120 GeV) |
o~ ! ! ! ?ﬁ?nlo.’ Hates mv.vz/z. o 4 .——
— ' ' | | | | | —
9 1.4— % ——
Z - -
o 12F % — ¢ —
— = —
© 1Ig===1-=====- =
‘c_?s' — L | ] | L . | —
oc 2 4 6 8 10 12 14

s [TeV]

LHC data clearly prefers NNLO
Same conclusion In all measurements examined so far

With more data NLO likely to be insufficient
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NINLO: the next challenge

An explosion of NNLO results in the last two years

W/Z total, H total, Harlander, Kilgore

H total, Anastasiou, Melnikov

VBF total, Bolzoni, Maltoni, Moch, Zaro
H total, Ravindran, Smith, van Neerven

WH diff., Ferrera, Grazzini, Tramontano
WH total, Brein, Djouadi, Harlander

Y-y, Catani et al.
H diff., Anastasiou, Melnikov, Petriello Hij (partial), Boughezal et al.
H diff., Anastasiou, Melnikov, Petriello ttbar total. Czakon. Fiedler. Mitov
W diff., Melnikov, Petriello Z-y, Grazzini, Kallweit, Rathlev, Torre
WIZ diff., Melnikov, Petriello ji (partial), Currie, Gehrmann-De Ridder, Glover, Pires
H diff., Catani, Grazzini
" . ZZ, Cascioli it et al.
0 o W/Z diff / Catani et af.
0o og / ZH diff., Ferrera, Grazzini, Tramontano
©o o) o o WW , Gehrmann et al.
Op Q
[N —

ttbar diff., Czakon, Fiedler, Mitov

! Z-y, W-y, Grazzini, Kallweit, Rathlev
© Hj, Boughezal et al.
% Wij, Boughezal, Focke, Liu, Petriello
- foon. Hj, Boughezal et al.
Talk given by G. Salam at LHCP2016 .'%* VBF diff., Cacciari et al.
1 1 1 A\

L L 1 ! Zj, Gehrmann-De Ridder et al.
2002 2004 2006 2008 2010 2012 2014 2016

77, Grazzini, Kallweit, Rathlev

Hj, Caola, Melnikov, Schulze
Zj, Boughezal et al.
WH diff., ZH diff., Campbell, Ellis, Williams
y-y, Campbell, Ellis, Li, Williams

See talk by J. ROjO WW , Grazzini et al.

MCFM at NNLO, Boughezal et al.

Pz Gehrmann-De Ridder et al.

Things are developing rapidly, but a number of conceptual and
technical challenges remain to be faced
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NNLO: the next challenge

An explosion of NNLO results in the last two years

W/Z total, H total, Harlander, Kilgore
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WH diff., ZH diff., Campbell, Ellis, Williams
y-y, Campbell, Ellis, Li, Williams

See talk by J. ROjO WW , Grazzini et al.

MCFM at NNLO, Boughezal et al.
P> Gehrmann-De Ridder et al.

Things are developing rapidly, but a number of conceptual and
technical challenges remain to be faced
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VWhat does precision buy you!

Giulia Zanderighi, Higgs and Electroweak: theory overview



Precision and energy reach
New physics |||<e|y heavy = use effective field theory (E=B!

scale of

' i 6 |
i; L=Lsm+ Z AZO | _/new physics

* At high energy (E), e.g.
oblique parameters In Vi VL
scattering (V=W, Z, h)

* At low energy, e.g. Higgs
couplings

= Complementarity between precision and energy-reach
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Comparison to Lep benchmark

* High-energy dynamics of longitudinal bosons linked to Higgs
physics via Equivalence Theorem

* Only accurate measurements/calculations allow to constrain
models that foresee small departures from the SM

per-mille accuracy at LEP = 10% accuracy at | TeV
1% accuracy at | TeV 10% accuracy at 3 TeV

0.1% accuracy at | TeV 10% accuracy at 10 TeV
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Constraints from di-bosons
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Higgs studies at the LHC

* The discovery of the Higgs boson at the LHC was a milestone In
particle physics

* Higgs boson is the only fundamental scalar particle ever
discovered. Its study at the LHC is new territory

* [t Is clear that this will be a long research program at the LHC
[in comparison the b-quark was discovered forty years ago and, Belle
II'at SuperKEK will now further study hadrons containing b-quarks]|
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An extremely rich program

Precision measurements
- mass, width
- spin, CP, couplings
- off-shell coupling,
width interferometry
- differential

Rare / beyond SM decays
- H— 2y

- H = up

- H = cc

- H = T, Te, el
- H= ¥y, Yy, ...

distributions

vz

... .and much more SM minimal or not?
- Higgs potential - 2HDM
- di-Higgs - MSSM, NMSSM
- other FCNC decays - extra Higgs states,
- doubly-charged Higgs

Tool for discovery
- portal to BSM
- portal to hidden
sector
- portal to DM
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Iwo examples, out of many, where
theoretical precision brings new
opportunities In the Higgs sector

Giulia Zanderighi, Higgs and Electroweak: theory overview



|.HIggs coupling to light quarks

e couplings to 2" (and 1s!) generation notoriously very difficult
because they are very small

* a number of ways to constraint the coupling of Higgs to charm:

> rare exclusive Higgs decays } |
> Higgs + charm production | - a0
» constraint from VH (H —»bb) § | R

including charm mis-tagging }
» constraint from Higgs width §
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global analysis

still largely unconstraint 4
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|.HIggs coupling to light quarks
S S

* Higgs produced dominantly via top-
quark loop (largest coupling)

* pbut interference effects with light
quarks are not negligible

—
T h T

* provided theoretical predictions are
accurate enough (few%?), constraint
on charm (and possible strange)
Yukawa can be significantly improved
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| .Higgs coupling to

* Higgs produced dominantly via top-
quark loop (largest coupling)

* put interference effects with light
quarks are not negligible

e provided theoretical predictions are
accurate enough (few%?), constraint
on charm (and possible strange)
Yukawa can be significantly improved

lent quarks
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| LHC RunII
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2. 1he Higgs potential

The Higgs boson is responsible for the masses of all
particles we know of. Its potential, linked to the Higgs self
coupling, is predicted in the SM, but we have not tested it
so far

[A Single Higgs ] Double Higgs [] Triple Higgs
done very hard out of reach

O(45pb) O(45fb) O(0.Ib)

Bounds on A today from LHC data still very loose (about a factor 10)
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2. 1he Higgs potential

Traditionally: suggested to measure It through the production of two Higgs
bosons (but difficult because of very small production rates)

Doul I—IiS Single Higgs

New idea: exploit indirect sensitivity to A of single Higgs

production Provides a wealth of new measurements (many production
processes, many kinematic distributions), but theory and measurements must
be accurate enough
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2. 1he Higgs potential

New idea: exploit indirect sensitivity to A of single Higgs
production Provides a wealth of new measurements (many production
processes, many kinematic distributions), but theory and measurements must
be accurate enough
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Conclusion

2 Precision physics at hadron colliders is

already there Energy frontier

(direct searches)

B Precision Higgs studies in their infancy
(see next talks), much more to come

2 Not just precision measurement of Synergy‘d
couplings but possibility to address energ.y.a“
key outstanding questions (Higgs precision

botential, minimal Higgs, fine-tuning,
sl NigiRidden sectors, DM, ..)

Precision frontier
(indirect searches)

2 Interplay between precision and
energy reach crucial to address these

questions
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