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Motivation

Exciting new experimental value of Ry

LHCb [2103.11769]
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Current high energy frontier
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Current high energy frontier
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Jue2o2t CMS Preliminar

L ST @ 7 TeV CMS measurement (L < 5.0 fb™)
A i 8 TeV CMS measurement (L < 19.6 fb™)
e i 13 TeV CMS measurement (L < 137 fb™)
snjets) - - b Theory prediction

S Lo Z 4 Z CMS 95%CL limits at 7, 8 and 13 TeV
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» at the current energy frontier,
no hints of new physics
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however, this is a question of
precision
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All results at: http://cern.ch/go/pNj7
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The need for precise predictions

T
ATLAS

13 TeV, 81 pb™
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large spread in theory predictions based on different parton distribution functions
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EFT parametrisation of new physics effects ﬂ(".

CMS tt(I+jets), 13 TeV

2.0
- +4- Data A _ _ _
A Ce=-1.50 top quark pairs at large invariant mass
M v Ci=0.38
N Bestfit @ Cg+Cec . |
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A A
ll\ T
0.5 ' 1 ' ! ! ' 1 ' ! ' ' T T T T T T T T T T
500 1000 1500 2000 2500

J. Ellis, Madigan, Mimasu, Sanz, You
M [GeV] 2012.02779
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Higgs couplings

Run |
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19.7 b (8 TeV) + 5.11b' (7 TeV)
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Higgs couplings

Run |
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enormous experimental progress

Collider Physics at the Precision Frontier

AT

Karlsruhe Institute of Technology

H?

Gudrun Heinrich



High-Luminosity LHC
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HiLuUMI

LARGE HADRON COLLIDER -

LHC HL-LHC

Ls? 13- 14 TeV 14 TeV

13 TeV — energy
e Diodes Consolidation
splice consolidation cryolimat LIV Installation -
7 TeV 8 TeV button collimators in?eoractxon o inner triplet i HL :in
R2E project regions Civil Eng. P1-P5 radiation limit nstallation
2017 | 2018 2024 | 2025 | 2028 | 2027 [[[f]
5 to 7.5 x nominal Lumi,
ATLAS - CMS 1
experiment upgrade phase 1 ATLAS - CMS _
RSE P nominal Lumi 2 X nominal l_uml‘J‘ ALICE - LHCb : 2 x nominal Lumi HL upgrade
75% nominal Lumi | '/—_ upgrade
/m 190 b 350 fb" i 3000 1o
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HL-LHC TECHNICAL EQUIPMENT:
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HL-LHC CIVIL ENGINEERING:

DEFINITION EXCAVATION BUILDINGS rate R — L . 0. S
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ow-luminosity LHC
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Higgs production at HL-LHC: expected precision

________________ 3000 f'b-1 \s = 14 TeV, 3000 fb™ per experiment
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Higgs production at HL-LHC: expected precision

________________ 3000 f'b-1 \s = 14 TeV, 3000 fb™' per experiment
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Future collider plans

B Proton collider

Possible scenarios of future colliders B Electron collider
Electron-Proton collider

mmm= Construction/Transformation

c 4 years 9 years JINBLINCT 500 GeV Preparation
% 20km tunnel
=
(© CALEICM CepC: 90/160/240 GeV C .
c I — _ SppC aim similar to FCC-hh
= 100km tunnel 16/2.6/5.6 ab'!
O
S FCC hh: 150 TeV =20-30 ab-1
8 years FCC-ee: 1.7 abt
90/160/250 GeV
100km t I 150/10/5 ab-! 11 years
e ks FCC hh: 100 TeV 20-30 ab-L
TR FCC hh: 100 TeV 20-30 ab
P
5 HL-LHC: 13 TeV 3-4 ab-1 HE-LHC: 27 TeV 10 ab-1 U rsu |a BaSSIGr,
O .
2years 6years |LHeC:1.2TeV . ) European Strategy Meet|ng
B ) 5C 1 ab-10 FCC-eh: 3.5 TeV 2 ab- Granada, May 201 9

3 years BERA LI CLIC: 380 Gev [ 1.5 TeV . 3 TeV
11 km tunnel 1.5 ab-1 2.5 ab-1 5 ab-1
29 km tunnel 50 km tunnel
AEEEE S EEEEEEEE E SEEEEEEEE E SEEEEEEEE T SEEEEEEEE T SEEEEEEEE T SEEEEEEEE EEEEe
2020 2030 2040 2050 2060 2070 2080 2090
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Higgs-boson self coupling

Higgs@FC WG September 2019
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How to increase the precision of the predictions? ﬂ(“.
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parton shower

parton distribution
functions (PDFs)

underlying event

16

<—

hadronisation \ 2

-

fixed order calculations

(production and decay)

reduce scale uncertainties

Hry U f -dependence

reduce parametric uncertainties
(couplings, masses)

resummation

reduce uncertainties In
particular kinematic regions

artwork by G.Luisoni
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Perturbation theory ﬂ("

leading order next-to-leading order next-to-next-to-leading order

' ' ¢
o =a¥ (610 + a,oNEO 4 o26NNLO L)

a.(My) ~0.118  O(10%) O(1%)

M2
electroweak corrections: a/as =~ 0.1 = smaller, but beware of large terms like log( ; )

scale dependence: due to truncation of perturbative series —» measure of missing higher orders

0 = alg(ﬂr) (ULO(UJ”) T O‘S(NT)UNLO(

+ f

renormalisation scale factorisation scale

NNLO(

s foy) + 02 ()0 By pof) + - )
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Factorisation

% renormalisation scale

factorisation scale
g ()

1 1
dOpp—sH+X = Z/o dzr1 fi/p, (T1, Oés>,uf)/0 dza fj/p, (T2, sy o) d0sjmyx(T1, T2, gy fhr, pif) + O
1,)

Q
parton distribution functions partonic cross section
(PDFs)
non-perturbative perturbative
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Higher orders In perturbation theory

example pp {0 2 jets: subprocess contributing at parton level: §gG — GQg

g(k1) g(k1)
7 oon00000000gs > R : :
g(ka) g + permutations (4 diagrams)
? (ks)
9(k3§ 9(ks ’
Diagram 1 Diagram 2

NLO virtual

NLO real

g(ka

19 Collider Physics at the Precision Frontier
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Higher orders In perturbation theory

~HOO000000EO000000000 ~OO0EPOT00RGO000000000
A = =
S OOT000000 S 8§

: 3 : S 000000000
example NNLO: |- ‘N
C - | C

f701’.:‘070701'3‘07070‘%070‘0‘0‘07070'0‘0‘0‘\ f73‘0‘0‘5%0‘0‘073‘5%0‘070‘0?}‘073‘0‘073‘\

double real |-loop virtual

® single real

v v

implicit IR poles explicit and implicit poles
(phase space integration)

bottlenecks: IR subtraction

20

Collider Physics at the Precision Frontier

OOEOU0TRU000GGOTT0000

0000000

- | .
OI
: e .
- c p—
- =
=) A >
— | (:)'
/ l (v [ ' / J '\) J' . W

2-loop virtual

v

AT

Karlsruhe Institute of Technology

explicit poles 1/€** (D = 4 — 2¢)

(multi)-loop integrals

Gudrun Heinrich



Higher orders In perturbation theory

A b

O"O(’J 0000000

example NNLO: =

% 5O0000000
“000000000000000000000°

double real

v

implicit IR poles
(phase space integration)

bottlenecks: IR subtraction

* NNLO automation
*N3LO coloured

current frontiers:

20

explicit and implicit poles

TOOOO0O000000000 Y Lol ol oL
g é-: | o, S
g g' - OI C
a 8( 000000000 8 3 g,
- - -
- = ¢ -
C -
cu C - | ;
o - |
TOOOBT0000 igm‘ OOT00000 ~D00000 00000000

|-loop virtual
® single real

v v

2-loop virtual

explicit poles 1/e*"
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(D = 4 — 2¢)

(multi)-loop integrals

» 2 loops, 4 legs with several mass scales

» 2 loops, 5 legs

* more than 2 loops

Collider Physics at the Precision Frontier
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Highlights

Higgs Threshold Exp.

[Anastasiou, Duhr, Dulat, Herzog, BM, 15]
Higgs Jet Veto [Banfi, et al. 15]

| colour singlet final state particles
Higgs VBF [Dreyer, Karlberg,16]

Higgs Diff. Threshold App. [Dulat, BM, A. Pelloni,17] (H ) Z! W)

Higgs, [BM,18]

Higgs Diff. qT [Cieri,Chen, Gehrmann,
Glover,Huss, 18]

HH (VBF) [Dreyer, Karlberg,18]

2018 M Higgs (Y approx.) [Dulat, BM,Pelloni, 18] _ | |
2019 e bl>H [Dulat, Dukr, BM,19) going more and more differential
2020 T — ggF->HH [Chen,Li,Shoa,Wang]

\;1\ Drell-Yan [Dulat, Duhr, BM,20]

“® hbH 4FS+5FS [Dulat, Duhr, Hirschi, BM,20]

\ CCDY [Dulat, Duhr, BM, 20]
Fully differential Higgs -> 2Photons [Chen, BM, et al. 21]

Slide inspired by G. Salam / L. Cieri...

Fiducial Higgs and DY [Billis, Tackmann, et al., 21]

DY-Rapidity [Chen,Gehrmann,Gloveretal.] ., .., oy [Camarda,Cieri,Ferrera, 21]

Bernhard Mistlberger, Amplitudes 2021

21 Collider Physics at the Precision Frontier Gudrun Heinrich



do/d|Ay(yq1,v2) | [fb]

Ratio to NNLO

OO0 ®©

22

50

46

36

20

10

N SO0 = N A0 ©

NNLOJET + RapidiX pp = H (= y y) + X Js= 13 TeV
| | |
LO ===3 N3L0
g NLO NNLO x Kp3(g
% ==—— NNLO -
/ |
E’_/I
- ~7 A -
[ 7
" S RRIRELEILS
i 7 yd i /7
| | |
| | |
A A A A A A A £ S A S A i
| | |
8.5 1 1.5 2
| Ay Cyq,v2) |

ggH@N3LO fiducial
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30 - ]
B S - ATLAS Preliminary (139 fb~") 1 9
=S : i 1 =g
SN 5 20F 3 = SO
>2 a8 T ! N3LO I NL/AN*LO ] 6
O — - 1 00
O = & 3 N°LL+NNLO N
c = S 22 —4 & =
cT ® g TTr NNLO  A,um | NNLL+NLO 1 € S
c O = B | c =
sg O 200 ! 1 8%
(D) D : AresumEBAFO : D O
O g - o - B Y R
c“§ 18: NLO gg— H —~~ (13 TeV) - E
o - rEFT, my = 125 GeV -
O S 16
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massless:

Loop integrals: status 2-loop 5-point j:[ E

Pp — YYY Abreu, Page, Pascual, Sotnikov '20 (leading color amplitudes)
Chawdry, Czakon, Mitov, Poncelet '20 (leading color, full xs)

Kallweit, Sotnikov, Wiesemann ’20 (leading color, full xs)

pPp — Y7 ] Chawadry, Czakon, Mitov, Poncelet '21 (leading color, full xs)

Agarwal, Buccioni, Manteuffel, Tancredi 21 (full color, amplitudes)

99 — Y79 Badger, Bronnum-Hansen, Chicherin, Gehrmann, Hartanto 21 (amp)
Badger, Gehrmann, Marcoli, Moodie today (full xs)
PP — 1737 Abreu, Febres Cordero, Ita, Page, Sotnikov 21 (leading color amp)

Czakon, Mitov, Poncelet 21 (full xs)

Collider Physics at the Precision Frontier 23 Gudrun Heinrich
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massless:

Loop integrals: status 2-loop 5-point j:[ }

Pp — YYY Abreu, Page, Pascual, Sotnikov '20 (leading color amplitudes)
Chawdry, Czakon, Mitov, Poncelet '20 (leading color, full xs)

Kallweit, Sotnikov, Wiesemann ’20 (leading color, full xs)

pPp — Y7 ] Chawadry, Czakon, Mitov, Poncelet '21 (leading color, full xs)

Agarwal, Buccioni, Manteuffel, Tancredi 21 (full color, amplitudes)

99 — Y79 Badger, Bronnum-Hansen, Chicherin, Gehrmann, Hartanto 21 (amp)
Badger, Gehrmann, Marcoli, Moodie today (full xs)
PP — 1737 Abreu, Febres Cordero, Ita, Page, Sotnikov 21 (leading color amp)

Czakon, Mitov, Poncelet 21 (full xs)

important tool: pentagon functions in C++ Chicherin, Sotnikov 21

Collider Physics at the Precision Frontier 23 Gudrun Heinrich
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3-jet production at NNLO

0.010

—~ s LO Ry, Scale: po = Hy, LHC 13 Tev | 3-Jet/2-jet ratio
., T | ==mm N[O
\2 0.008 — NNLO

= 0.006 - e —
N
™~
m f ——

RS 0.004 - F

b
o

ratio to NLO

0.5 I | 1 1 | | I
400 600 800 1000 1200 1400 1600 1800 2000

pr(j1) [GeV] Czakon, Mitov, Poncelet 21
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2-loop 5-point (one off-shell leg)

p? £ 0 Abreu, Ita, Moriello, Page, Tschernow 20 (planar)
Canko, Papadopoulos, Syrrakos 21 (planar, analytic)

W + 4 partons  Badger, Bronnum-Hansen, Hartanto, Peraro ’19 (planar, num. unitarity)

ud — WTbb Badger, Hartanto, Zoia 21 (planar, analytic)

P — bB H Badger, Hartanto, Krys, Zoia 21 (leading colour)

non-planar: Abreu, lta, Page, Tschernnov "21 —<EE
Liu, Ma 21

Collider Physics at the Precision Frontier 25 Gudrun Heinrich



3-loop 4-point ﬂ(“.

pPp — Y7 Caola, Manteuffel, Tancredi 20

q Cj — q cj Caola, Chakraborti, Gambuti, Manteuffel, Tancredi 21
4-loop 3-point @:[:Z
H — YY Davies, Herren "21 (large mt-expansion)

form factors 7Y* — q@ Agarwal, Manteuffel, Panzer, Schabinger 21, ...

3-loop 3-point with massive propagators
qq — H Czakon, Harlander, Klappert, Niggetiedt °21 (full cross section)

semi-numerically
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AT

2-loop 4-point with massive propagators =

analytically: H 4 7 full set of master integrals  Frellesvig et al. 19

mixed QCD-EW corrections to Higgs production  Bechetti et al. ‘20

mixed QCD-EW corrections to Drell-Yan  Heller, von Manteuffel et al. ‘20
Bonciani et al. ‘21

2-loop 4-fermion scattering in QED Bonciani et al. ‘21

Banerjee et al. "20, ‘21
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2-loop 4-point with massive propagators

numerically:
pp — tt
op — HH

pp — I
pp — WTW ™
pp — HZ
pp — L4

Collider Physics at the Precision Frontier

Czakon, Mitov ‘13

AT

Karlsruhe Institute of Technology

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

Baglio, Campanario, Glaus, Muhlleitner, Spira ‘18

Jones, Kerner, Luisoni ‘18
Bronnum-Hansen, Wang ‘20
Chen, GH, Jones, Kerner, Klappert, Schlenk ‘20

Agarwal, Jones, Manteuffel ‘20
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Pro’s and con’s analytic/numerical

pole cancellation

fast evaluation

control of integrable
singularities

extension to more
scales/loops

automation

Collider Physics at the Precision Frontier

analytic numerical

with numerical

exact uncertainty

mostly depends
analytic continuation less straightforward
difficult promising

difficult less difficult
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Pro’s and con’s analytic/numerical

analytic numerical

with numerical

pole cancellation exact uncertainty SO
\06‘\‘@0@\*
: A\
fast evaluation mostly depends @(\‘OQQ@%\
O D
RO
| . L . O Y @
Cpntrol Of Integrable analytic continuation less straightforward (a\‘o\ (\e‘gge\
singularities Ot S @
ARG
. 2N
extension to more - - O 0O
difficult promising
scales/loops
automation difficult less difficult
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Pro’s and con’s analytic/numerical

analytic numerical
. with numerical
pole cancellation exact uncertainty SO
e W
. @\O \XOQ‘
@St evaluatloD mostly depends @(\‘0 (\q}%
N
control of integrable . o . NGNS
. - analytic continuation less straightforward & P @
singularities P W2 (@
o O
extension to more - " N O
difficult promising
scales/loops
automation difficult less difficult
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The Next Challenges A{]]

titute of Technology

@ scale uncertainties: how well do they estimate missing higher orders?

@ depends on choice of central scales, modes of variation, contributing
partonic channels, ...

B electroweak corrections, mixed QCD-EW

® PDFs

@ quark mass-related uncertainties: neglected masses, different
renormalisation schemes

@ parton shower uncertainties

@ Effective Field Theories: truncation uncertainties, validity range
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Scale uncertainties: Higgs production in gluon fusion

900
800
700
600

g 500

» 400
300

LHC

— LO

NLO = NNLO = N3LO

PDFALHC15_nnlo_100

 PP->H+X
Hcent. =Mp/2

10

20

30

40 S0 60 70 80
LHC Energy [TeV]
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B. Mistlberger 18
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Scale uncertainties: Drell-Yan (W-production) ﬂ(“.

350

PP-W +X
300 PDF4LHC15 nnlo mc
:ucent.zQ= 100 GeV

- N N
n S W
—

opp-w+x [nb]

o [ oN3LO

l l | I |
10 20 30 40 S0 60 70 80 90

ECM [TeV]

32 Collider Physics at the Precision Frontier Gudrun Heinrich



Scale uncertainties: Drell-Yan (W-production)

350
300

N N
S W
—

opp-w+x [nb]
sk
N
S

o [ oN3LO

32

PP-> W

+ X

PDF4L.HC15 nnlo mc
Mcent. =Q=100 GeV

1

|

|

|

40

l
S0

J
60

ECM [TeV]

70

80

90
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Duhr, Dulat, Mistlberger 20

up Variation for W~
LHC 13TeV
PDF4LHC15 nnlo mc
Q 100 GeV | |

NLO — NNLO — N3LO

0.6 07 08 09 1.

1.1 1'.2 13 14 15 1.6 17 18 19

NNLO M F-scale uncertainty bands do not properly reflect the uncertainty
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Mass effects, parton shower uncertainties

WH production at NNLO + decay H — bb with massive b-quarks

Behring, Bizon, Caola, Melnikov, Rontsch 2003.08321

do/dpp | Th/GeV ]

102,

==%_ |

1 —— massive, anti-kp, R=0.4

| —— massless, flav-k7, R=0.4

NNLO
Pew > 150 GeV

— —\—\_\_\_

100 200 300

pt,b [ GeV ]

400 500

— Pew > 150 GeV
= 1071}t
QL
O
~
=
T
S —
E 10 3} —— massive, anti-k7, R=0.4
~3 1 ——— POWHEG+Pythia8, anti-kp, R=0.4
1'1“—\_.—\_\_
g 10
4C_é l _’_‘_L——i — 1 —
P2 0.9t
0.81
0 100 200 300 400 500

AT

Karlsruhe Institute of Technology

Dy, H(vb) | GeV |

significant differences between massive and massless case and NNLO vs NLO+PS
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ATLAS-CONF-2021-016

Exploring the Higgs potential

through Higgs boson pair production in gluon fusion

—_ 10— :
= | ATLAS Preliminary — CE’bse”e;I"m“((95°/° o §
T _ —1 ---- Expected limit (95% CL) |
7 r L ’ |\'|/|§|—>1b% 'ev, 139 b [ Expected limit 1o ‘
e g Ct % 1045‘ 4 [—1 Expected limit +2c
B ‘\ Chhh . Ctt l 2 f E== Theory prediction
X (6666 . (6666 T : S’ SM prediction
\ (@) n
© 105¢

—————————————————
,’

————————————————————

o —
—
~~~
~
\h-,

e g 102}
Cggh - Cgghh - Observed: x), & [-1.5,6.7]
AN b - Expected: k) € [-2.4,7.7]

086 4 =2 0 2 4 6 8 10
K\
h h?\ _ m? o h h? —
LD —Mmy | Ct— + Ct —= tt—Chhh—hh3 | > Caah— T Caahh —= G GYHY K\ = Chhh
v V2 20 8t \ 7" JIH )2 HY

description of unknown interactions at high energies through Effective Field Theory
Standard Model: C¢t = 0,¢cq9n = 0, Cggnn = 0
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Higher order corrections: SM

N3LO: Chen, Li, Shao, Wang 19
(HTL with top mass effects)

N N LO De Florian, Mazzitelli '13 S m
Grigo, Melnikov, Steinhauser ‘14 00000

NNLOFTapprox Grazzini, Kallweit, GH, Jones,

Kerner, Lindert, Mazzitelli ‘18

inclusion of top quark mass dependence except in virtual O(a3)

NLO full my i g |
Borowka, Greiner, GH, Jones, Kerner, Schlenk et al. ‘16

Baglio, Campanario, Glaus, Muhlleitner, Spira, Streicher 18

Davies, GH, Jones, Kerner, Mishima, Steinhauser, Wellmann ‘19

top quark mass scheme uncertainties: pole mass versus MS mass

Baglio, Campanario, Glaus, Muhlleitner, Ronca, Spira 18, ‘20
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Higher order corrections: SM

N3LO: Chen, Li, Shao, Wang 19
(HTL with top mass effects)

NN Q: De Florian, Mazzitelli 13

Grigo, I\/Ielmkov Steinhauser ‘14

NNLOFTapprox

Grazzini, Kallweit, GH, Jones,
Kerner, Lindert, Mazzitelli 18 0&5@70\

inclusion of top quark mass dependence eXC%Q\t\ﬂ\Qﬁr} al O(a

NLO full my o0 ™

cts ©°

Borowka, Greiner, GI—{QQXIG\% Kerner, Schlenk et al. ‘16

Baglio, C%@;Q“gno Glaus, Mu

Davies, GH, Jones, Kerner, Mis

nlleitner, Spira, Streicher '18

nima, Steinhauser, Wellmann ‘19
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’m> ~ e

heavy top limit (HTL)

top quark mass scheme uncertainties: pole mass versus MS mass

Baglio, Campanario, Glaus, Muhlleitner, Ronca, Spira 18, ‘20
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Higher order corrections: SM

N3LQO: chen, Li, Shao, Wang '19
(HTL with top mass effects)

m> ~ e

NNLQ: De Florian, Mazzitelli 13 \ p—
Grigo, I\/Ielmkov Steinhauser ‘14

heavy top limit (HTL)

Grazzini, Kallweit, GH, Jones,
NNLOFT&IPPI'OX Kerner, Lindert, Mazzitelli ‘18 chfo\

inclusion of top quark mass dependence exc%Q\t\a\ uaI O(a?)

gect® & i
255 © ' g t

Borowka, Greiner, GI—{QJI.XIG\% Kerner, Schlenk et al. ‘16
Baglio, C%@;Q“grlo Glaus, Muhlleitner, Spira, Streicher 18

Davies, GH, Jones, Kerner, Mishima, Steinhauser, Wellmann "19 0(20370\

top quark mass scheme uncertainties: potgc“?é‘és versus MS mass
Baglio, Campanario, Glaus, Muhlleitner, ‘I%O(m@ (§p|ra 18, 20

e
(" vy O°
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Chen, Li, Shao, Wang 1912.13001
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Highest perturbative orders (SM)

0.25 SARALRARARARAS rrr T [T T mmama e T :
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Top quark mass renormalisation scheme uncertainties

my(my) = e > - relation between pole
1+ ;las(?;mt) - K, (%(;m)) + K, (%(;nt)> mass and MS mass

g9 — HH at NLO QCD | /s = 13 TeV | PDF4LHC15

2.4 —— MS scheme with m,(m,) -
MS scheme with m,(Myy/4) .
0o | —— MS scheme with m,(Myy) |
OS scheme, m, = 172.5 GeV . . ; .
e S S nit =Y Baglio, Campanario, Glaus Muhlleitner,
20F =
1

I T —+— 1 Ronca, Spira 2003.03227, 2008.11626

p—
Q0
I
|

]

‘ also present in other heavy quark
- loop induced processes

i

Ratio to LO

H

—
@)
T

= 1 . T 1
T 1]
M pp=pp=Myg/2 — : e
I Full NLO results for different top-quark masses . 1
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Effective Field Theory parametrisation of New Physics

“Standard Model Effective Field Theory” (SMEFT)
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Effective Field Theory parametrisation of New Physics

“Standard Model Effective Field Theory” (SMEFT)

QEFT (QED-Effective Field Theory)
e’e — pu'u A CELLO
—>’C+ T ® JADE

el

-

/

tests of QED about 40 years ago ...

o~ 1/s

il

-

1 0-2 I I I I I I I I I I
12 16 20 24 28 32 36 40 44 48 52

VS [GeV]
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More complete picture QAT

10 2 Karlsruhe Institute of Technology

o [nb]

- fz
e e — hadrons I ) 5
— " '\ : M = +
/| Y Z
1 EPEP y LEP
\ e SLC l

%10-1i \%\E\ié}*ﬁiﬁé\: ;TAh/ M~1 / mQZ for q2 <K m22
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Low energy picture
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10° =
4 or here ?

10*
2
v103
e
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2 |
-
T 10 | W+\W-
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10 |
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Effective Field Theory expansion schemes

AT

Karlsruhe Institute of Technology

SMEFT (Standard Model Effective Field Theory):

new physics scale A

canonical dimension counting

f . characteristic scale of

HEFT (Higgs Effective Field Theory): Goldstone bosons

EW scale v ~ 246 GeV

counting of loop orders, expansion parameter: f2/A2 ~ 1/(167T2)

(similar to chiral perturbation theory)
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Lagrangians relevant for HH production

AT

Karlsruhe Institute of Technology

SMEFT:
c c Ce M2 5:0-(6)@—22
U _ 7 ¢ A
ALiime = 5 50u(670)0" (670) + 54:(670 qdtr + hc.) — 25— (¢1¢)?
Cug - Ae |
| CUQg 9s(qro"" G, ¢tr + h.c.) ;29 g2pT ¢ G, G (SILH basis/Warsaw)

Giudice et al. hep-ph/0703164

Grzadkowski et al. 1008.4884
HEFT: Grober et al. 1504.06577

h h2 _ m2 O/ h h2
LD —my (Ct - Ctt ) tt — chpn—2h° + — (ngh | nghh_> G¢ GYHY

v V2

20 8 v V2 HY
coupling relations at Lagrangian level: ¢, =1 —¢Cgy/2 — ¢, Cu = —(¢cyg + 3¢y) /2
2_ S _ _
Cggh — 2nghh = 1287 Cqg Chhh — 1 CH + Cg

’ 2
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SMEFT at amplitude squared level QAT
2

~ 1/A?

:3; %@j/

i > | Cy

% hhh .\ tt

T N (6666 o (6666 \\\\ > /// kQQQQQQ //

2 % 7 /
™~ ]'/A + A Y A — —(
, , — H
. p §§9 . \
/ N, . \-

JiEFT‘

terms ~ 1/A4 same order as dim 8 operators (which are not included)
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XS [fb/GeV]

SMEFT at amplitude squared level
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canonical dimension counting —» how to treat |dim6|*2 versus dim8 ?

figure: Jannis Lang

—» how to treat double operator insertions?

A =1TeV

Benchmark point 1

1.01 T + SM LO

Z + |A SM|"~2+2*Re(A_SM*conj(A_dim6))
0.8 - A SM+A dim6|”"2

Z + |A SM+A dim6|~2+2*Re(A_SM*conj(A dbldim6))
0.6 - — + |A_SM+A_dim6+A_dbldim6| "2

: S . Cy = 0.94, Chhh = 3.94, Ctt — —1/3
049
0.2 o — -
0.0-: _— _—:::

300 400 500 600 700 300
m_hh [GeV]
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Summary & Outlook A\{]]

titute of Technology

@ |[ndirect signs of New Physics: precision is the key

@ Increasing the precision at the percent level has many facets:

missing higher orders (QCD/EW), parton shower uncertainties, PDFs,
heavy quark mass effects/scheme dependence, non-perturbative effects, ...

@ Testable hypotheses of New Physics:

® Concrete models -> model dependence
@ Effective field theories -> dependence on counting scheme, truncation, unitarity
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Higgs production in gluon fusion: uncertainties
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Drell-Yan (NC)
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PDFs
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Counting schemes
HEFT (EWChL): “loop expansion”

based on chiral dimension d, =2L +2 L: “Loop”

with dx(Auv o, h) =0, dx(ﬁ, @w,g,y) — 1]

Karlsruhe Institute of Technology

1 S(d_‘l)/“ [
L & 10
expansion in
canonical &2 g
dimension 1/A?
6
SMEFT { ) loop expansion
2 2
£ =v?/f —
0 1 2 3 loops
figure: G.Buchalla H E FT
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