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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

» at current energy frontier, no hints of new physics

Electroweak

di-Boson

tri-Boson

VBF and VBS

w 7 TeV
w 8 TeV
w 13 TeV
z 7 TeV
z 8 TeV
z 13 TeV
Wy 7 Tev
Wy 13 TeV
Zy 7 Tev
Zy 8 TeV
ww 7 TeV
wWw 8 TeV
ww 13 TeV
wz 7 TeV
wz 8 TeV
wz 13 TeV
7z 7 TeV
7z 8 TeV
7z 13 TeV
VWV 13 TeV
WwWw 13 TeV
wwz 13 TeV
wzz 13 TeV
777 13 TeV
WVy 8 TeV
Wyy 8 TeV
Wyy 13 TeV
Zyy 8 TeV
Zyy 13 TeV
VBF W 8 TeV
VBF W 13 TeV
VBF Z 7 TeV
VBF Z 8 TeV
VBF Z 13 TeV
EW WV 13 TeV
ex. yy-»>WwWsg Tev
EW qqWy 8 Tev
EW qqWy 13 Tev
EW os WW 13 TeV
EW ss WW 8 TeV
EW ss WW 13 TeV
EWagZy 8Tev
EWqaqZy 13 Tev
EW qqWZ 13 TeV
EW qgqZZ 13 TeV

Measured cross sections and exclusion limits at 95% C.L.
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See here for all cross section summary plots

Overview of CMS cross section results

CMS preliminary

18 pb~1-138 fb~! (7,8,13 TeV)

» O(W) =9.5e+07 fb
i o(W)=1.1e+08fb
* o(W) = 1.8e+08 fb
o(Z) = 2.9e+07 fb
o(Z) = 3.4e+07 fb
[] o(Z) = 5.6e+07 fb

- o(Wy) = 3.4e+05 fb
- o(Wy) = 1.4e+05 fb
= o(Zy) = 1.6e+05 fb
- o(Zy) = 1.9e+05 fb
' o(WW) = 5.2e+04 fb
' o(WW) = 6e+04 fb
* o(WW) = 1.2e+05 fb
1 o(WZ) = 2e+04 fb
' o(WZ) = 2.4e+04 fb
* o(WZ) = 5.1e+04 fb
. 0(ZZ) = 6.2e+03 fb
" o(ZZ) = 7.7e+03 fb
i 0(ZZ)=17e+04fb

1 o(VVV) = 1e+03 fb
' o(WWW) = 5.9e+02 fb
1 o(WW2Z) = 3e+02 fb

1 o(WzZ) = 2e+02 fb
1 0(Z72Z) < 2e+02 fb
o(WVy) < 3.1e+02 fb
p— o(Wyy) = 4.9 fb

i o(Wyy) =14 fb
== O0(Zyy) =13fb
s Oo(Zyy)=541b

- o(VBF W) = 4.2e+02 fb
* o(VBF W) = 6.2e+03 fb
[ o(VBF Z) = 1.5e+02 fb
] o(VBF Z) = 1.7e+02 fb
* o(VBF Z) = 5.3e+02 fb
- o(EW WV) = 1.9e+03 fb
- o(ex. yy-»WW) =22 fb
o(EW qgqWy) = 11 fb
- o(EW qqWy) = 20 fb
=l o(EW os WW) = 10 fb
o(EW ss WW) = 4 fb
—. o(EW ss WW) = 4 fb
- o(EW qqZy) = 1.9 fb
.. o(EW qgZy) = 5.2 fb
= o(EWqqwz)=1.81fb
o(EW qqZzZ) = 0.33 fb
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o [fb]
Inner colored bars statistical uncertainty, outer narrow bars statistical+systematic uncertainty
Light colored bars: 7 TeV, Medium bars: 8 TeV, Dark bars: 13 TeV, Black bars: theory prediction
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Current high energy frontier

» at current energy frontier, no hints of new physics

Overview of CMS cross section results

CMS preliminary

18 pb~1-138 fb~! (7,8,13 TeV)
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o w 7 TeV JHEP 10 (2011) 132 s« 0(W)=9.5e+07 fb 36 pb~!
s w 8 TeV PRL 112 (2014) 191802 i o(W)=1.1e+08fb 18 pb~!
3 w 13TeV  SMP-15-004 B o(W)=18e+08 fb 43 pb~!
.E z 7 TeV JHEP 10 (2011) 132 = 0(Z) =2.9e+07 fb 36 pb?!
9 z 8 TeV PRL 112 (2014) 191802 @ 0(2) =3.4e+07 fb 18 pb~?
“ z 13TeV  SMP-15-011 i 0(Z) =5.6e+07 fb 2 fb~1
Wy 7 TeV PRD 89 (2014) 092005 - o(Wy) = 3.4e+05 fb 5 fp~1
Wy 13 TeV PRL 126 252002 (2021) & o(Wy) =1.4e+05fb 137 fb~1
Zy 7 TeV PRD 89 (2014) 092005 m 0(Zy) = 1.6e+05 fb 5 fp~1
Zy 8 TeV JHEP 04 (2015) 164 m O0(Zy) = 1.9e+05 fb 20 fb~?
wWw 7 TeV EPJC 73 (2013) 2610 ' o(WW) = 5.2e+04 fb 5 fb~!
5 ww 8 TeV EPJC 76 (2016) 401 W o(WW) = 6e+04 fb 19 fb1!
§ ww 13TeV  PRD 102 092001 (2020) W o(WW)=12e+05fb 36 fb!
< wz 7 TeV EPJC 77 (2017) 236 ' o(WZ) = 2e+04 fb 5 fb~1
wz 8 TeV EPJC 77 (2017) 236 ' o(WZ) = 2.4e+04 fb 20 fb~!
wz 13TeV  Submitted to JHEP B 0(WZ) =5.1e+04 fb 137 fb~!
zZ 7 TeV JHEP 01 (2013) 063 s 0(ZZ) = 6.2e+03 fb 5 fb~1
zZ 8 TeV PLB 740 (2015) 250 W 0(zZ) =7.7e+03fb 20 fb~?!
7z 13 TeV EPJC 81 (2021) 200 i 0(ZZ)=17e+04fb 137 fb~1
VWV 13 TeV PRL 125 151802 (2020) 1 o(VWV) = 1e+03 fb 137 fb~1
WWW 13 TeV PRL 125 151802 (2020) . o(WWW) = 5.9e+02 fb 137 fb1
wwz 13 Tev PRL 125 151802 (2020) ' o(WWZ) = 3e+02 fb 137 fb1
5 wzz 13 TeV PRL 125 151802 (2020) ' o(WZZ) = 2e+02 fb 137 fb~1
2 777 13 TeV PRL 125 151802 (2020) ' 0(ZZ2Z) < 2e+02 fb 137 fb~1
@ WVy 8 TeV PRD 90 032008 (2014) — o(WVy) < 3.1e+02 fb 19 fb~1
s Wyy 8 TeV JHEP 10 (2017) 072 — o(Wyy) = 4.9 fo 19 fb~1
Wyy 13 TeV JHEP 10 (2021) 174 1 o(Wyy) =14 fb 19 fpb~!
Zyy 8 TeV JHEP 10 (2017) 072 == O0(Zyy) =13fb 19 fb~1
Zyy 13 TeV JHEP 10 (2021) 174 ® Oo(Zyy)=5.4fb 19 fb-1
VBF W 8 TeV JHEP 11 (2016) 147 ® O(VBF W) =4.2e+02fb 19 fb~1
VBF W 13 TeV EPJC 80 (2020) 43 B®  O(VBF W) = 62e+03 fb 36 fb~!
VBF Z 7 TeV JHEP 10 (2013) 101 - o(VBF Z) = 1.5e+02 fb 5 fb~1!
VBF Z 8 TeV EPJC 75 (2015) 66 m= O(VBF Z)=1.7e+02fb 20 fb~!
VBF Z 13TeV  EPJC 78 (2018) 589 B O(VBFZ) =53e+02fb 36 fb~?
" EW WV 13TeV  Submitted to PLB s o(EWWV) =1.9e+03 b 138 fb~?
§ ex. yy—»WWws Tev JHEP 08 (2016) 119 - o(ex. yy—=WW) = 22 fb 20 fb~?
T EW qqWy 8 TeVv JHEP 06 (2017) 106 — o(EW qqWy) = 11 fb 20 fb1
© EWaqgWy 13TeV  PLB 811 (2020) 135988 s o(EW qqWy) = 20 fb 36 fb~!
@ EWos WW 13TeV ~ SMP-21-001 = o(EW os WW) = 10 fb 138 fb~!
> EW ss WW 8 TeV PRL 114 051801 (2015) m—— O(EWssWW)=4fb 19 fb1!
EWss WW 13TeV  PRL 120081801 (2018) wil]  O(EW ssWW) =4 fb 137 fb!
EWaqaZy 8TeV PLB 770 (2017) 380 -— o(EW qqZy) = 1.9 fb 20 fb-1
EWQqgZy 13 TeV PRD 104 072001 (2021) wfi  O(EWqqZy)=521fb 36 fb-1
EW qqWZ 13 TeV PLB 809 (2020) 135710 =l o(EWqqWZ)=1.8fb 137 fb~?!
EW qqZZ 13 TeV PLB 812 (2020) 135992 = o(EWqqzz)=0.33fb 137 fb1
1 1 1 1 1
1.0e-01 1.0e+01 1.0e+03 1.0e+05 1.0e+07 1.0e+09
o Lfb] Jan 2022

Measured cross sections and exclusion limits at 95% C.L.
See here for all cross section summary plots

Inner colored bars statistical uncertainty, outer narrow bars statistical+systematic uncertainty
Light colored bars: 7 TeV, Medium bars: 8 TeV, Dark bars: 13 TeV, Black bars: theory prediction

* however, this is a question of precision
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The need for precise predictions

T
ATLAS

13 TeV, 81 pb™

- ~fid fid
Rw+/W' — Gw+ / OW'

ATLAS
13 TeV, 81 pb™

— +fid / ~fid
Ryz =oy./ 07

QN
"I data = total uncertainty W data = total uncertainty g
| data = stat. uncertainty | data = stat. uncertainty o)
A ABMi12 A ABM12 O
v CTi4nnlo v CT14nnlo ™M
m NNPDF3.0 m NNPDF3.0 O
e MMHT14nnlo68CL A e MMHT14nnlo68CL ] ©
A ATLAS-epWZ12nnlo A ATLAS-epWZ12nnlo
[0 HERAPDF2.0nnlo (] 1 HERAPDF2.0nnlo (1
N T B L o L
1.2 1.22 1.24 1.26 1.28 1.3 1.32 1.34 04 06 0.8 10 102 104 106 10.8
o9, / ol 0{;\‘,’1 / obd

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 . |
do; 1°° best fit includes anomalous couplings
dOsy
PYYVVY V v v v
LoWrigR 2 » i
BYGG B : \
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 |

CMS,
19.7 b (8 TeV) + 5.11b' (7 TeV) CMS PA385 L_I1I:3(73|;b1‘%-006
Q A ll 1 L L L llll | L IIII | L llll I r‘" ‘ \“. T ( 3 TeV)
T—A : CMS : -§ A A:-l_'l | I llllll | | | ||I|I| I | | Illll| I’L
(?l 1L GE) 15 CMS Preliminary wZ ¥
~~ = = - s
oy - . g - m, =125.38 GeV
S — - Q_ 1L ,° _
= - |==—=68% CL - o 10
O A1k _ k=
(<"‘1O = - 095% CL 5 g_ b /‘/
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enormous experimental progress
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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
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R2E project regions Civil Eng. P1-P5 radiation limit nstallation
2017 | 2018 2024 | 2025 | 2028 | 2027 [[[f]
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Collider Physics at the Precision Frontier Gudrun Heinrich



10

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
ATLAS andCMS B stat. + Exp. | Tota ATLAS and CMS
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Higgs production at HL-LHC: expected precision

________________ 3000 f'b-1 \s = 14 TeV, 3000 fb™' per experiment
ATLAS andCMS [l stat. + Exp. | Total ATLAS and CMS
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Expected relative uncertainty Expected relative uncertainty

Collider Physics at the Precision Frontier

HL-HE CERN Yellow Report,

AT

Karlsruhe Institute of Technology

1902.00134

Gudrun Heinrich



Karlsruhe Institute of Technology

- =

Science (no) fiction? SIAT

~~Euture
= Circular

- "

e
T

-
-

- Collider

Google Earth
mage © 2016 DigitaiGlobe
mage Landsat / Copernicus

Collider Physics at the Precision Frontier Gudrun Heinrich




AT

Karlsruhe Institute of Technology

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
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=
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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 couplings at future colliders
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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(“.

Karlsruhe Institute of Technology

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

Collider Physics at the Precision Frontier Gudrun Heinrich



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) + - )

Collider Physics at the Precision Frontier Gudrun Heinrich



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

18 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

19
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OOEOU0TRU000GGOTT0000

0000000

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

2-loop virtual

v
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explicit poles 1/€** (D = 4 — 2¢)

(multi)-loop integrals
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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:

19

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*"

AT

Karlsruhe Institute of Technology

(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...

DY fiducial [Chen, Gehrmann, Glover ef al. 22] ;
Fiducial Higgs and DY [Billis, Tackmann, et al., 21]

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

Bernhard Mistlberger, Amplitudes 2021
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do/d|Ay(yq1,v2) | [fb]

Ratio to NNLO

OO0 ®©

21

50

46

36

20

10

N SO0 = N A0 ©

|Ay (y1,v2) |

NNLOJET + RapidiX pp = H (= y y) + X Js= 13 TeV
| | |
LO ===3 N3L0
g NLO NNLO x Kp3(g
_71_7L—7__] ==—— NNLO -
/ |
@r—,,
- ~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

ggH@N3LO fiducial

AT

Karlsruhe Institute of Technology

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:[ }

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)

g9 — VY9 Badger, Bronnum-Hansen, Chicherin, Gehrmann, Hartanto '21 (amp)
Badger, Gehrmann, Marcoli, Moodie ’21 (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 22 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)

g9 — VY9 Badger, Bronnum-Hansen, Chicherin, Gehrmann, Hartanto '21 (amp)
Badger, Gehrmann, Marcoli, Moodie ’21 (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 22 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, Brannum-Hansen, Hartanto, Peraro ’19 (planar, num. unitarity)

Abreu, Febres Cordero, Ita, Klinkert, Page, Sotnikov 21 (leading color)
ud —s W bb Badger, Hartanto, Zoia '21 (planar, analytic)
pPp — bEH Badger, Hartanto, Krys, Zoia 21 (leading colour)

non-planar: Abreu, lta, Page, Tschernov °21 —<EE
Liu, Ma 21

Collider Physics at the Precision Frontier 24 Gudrun Heinrich



3-loop 4-point ﬂ(“.

pPp — Y7 Caola, Manteuffel, Tancredi 20

{q q — q q Caola, Chakraborti, Gambuti, Manteuffel, Tancredi 21
4-loop 3-point @:[:2
H — YY Davies, Herren "21 (large mt-expansion)

form factors, e.g. ¥~ — qq  Agarwal, Manteuffel, Panzer, Schabinger 21
Lee, Manteuffel, Schabinger, Smirnov/A2 21, ...

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

semi-numerically

Collider Physics at the Precision Frontier 25 Gudrun Heinrich



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

AT

Karlsruhe Institute of Technology

Czakon, Mitov ‘13 P g —

~

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

26 Gudrun Heinrich



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. ’19, ‘20
Bonciani et al. ‘21

Buccioni, Caola, Chawdhry et al. ‘22

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

. Banerjee et al. "20, ‘21

Collider Physics at the Precision Frontier 27 Gudrun Heinrich



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

pole cancellation

@st evaluatioD

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
ole cancellation exact with numerical
P uncertainty @‘i\é’\@ ‘
SN\
. @\O \XOQ‘
@St evaluatloD mostly depends R\ (\q}%@%
‘Oﬂ\o‘&\\(b Q©
trol of integrabl PSRN
control ot Integrable analytic continuation less straightforward (a\‘o\ (\e‘g@\f\
singularities @c,q o o
. g{@Q ‘\(\\g{\ae
extension to more - . OV g9 P
difficult promising
scales/loops
automation difficult less difficult

Collider Physics at the Precision Frontier 28 Gudrun Heinrich
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The Next Challenges

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

AT

Karlsruhe Institute of Technology

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

channels, ...
electroweak corrections, mixed QCD-EW

PDFs

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

need for resummation in certain kinematic regions
parton shower uncertainties

Effective Field Theories: truncation uncertainties, validity range

Collider Physics at the Precision Frontier
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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]

Collider Physics at the Precision Frontier

90

100
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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]
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Scale uncertainties: Drell-Yan (W-production)

350
300

N N
S W
—

opp-w+x [nb]
sk
N
S

o [ oN3LO

31

PP-> W

+ X

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

1

|

|

|

40

l
S0

J
60

ECM [TeV]

70

80

90

AT
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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

Collider Physics at the Precision Frontier
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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
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Dy, H(vb) | GeV |

significant differences between massive and massless case and NNLO vs NLO+PS

32

Collider Physics at the Precision Frontier

Gudrun Heinrich



al

Exploring the Higgs potent

through Higgs boson pair production in gluon fusion = =.,,:| ATLAS Preliminary —— Observed limit (95% CL)
— ' 1 - == Expected limit (95% CL)
% - Vs=13TeV, 139 b =1 Comb. exp. limit +10
P —~ : 1 Comb. exp. limit +20
> ,° %55\ ,’ é E== Theory prediction
'/ /C ,’C Ct + 103 S’¢  SM prediction
-9 Chhh CCtt 1 ’ S -
. R (6666 . @)
102F
.’ .’ Observed: k) € [-1.0, 6.6] 0
Cggh M - @ C - —— bbrtT
99} \\ /}\\\gghh . Expected: k) € [-1.2,7.2] —_— Co;bfned _

1011111,1111.1111.11111111 e - L
-10 -8 -6 -4 -2 O 2 4 6 8 10

h h?\ _ m? o) h h? 3 _
LD —my (Ct; + Ctt ”0_2) tt — Chhh z—gh‘g | 8; (cggh; + nghh,v_z) G, G KX = Chhh

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)

NNLQ: De Florian, Mazzitelli 13 \ p—
Grigo, Melnikov, Steinhauser ‘14

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

AT

Karlsruhe Institute of Technology

’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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Top quark mass renormalisation scheme uncertainties

AT

Karlsruhe Institute of Technology

_ z
my(mg) = 2 3 relation between pol
4 ag(m o (m ag(m ween poie
1+§ (Wt) | Kz( (W t)) +K3( (Wt)> + 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
1.9 A I R R E T SRR SR SR R
400 500 600 700 800 900 1000 1100 1200 1300

M,, .. [GeV]
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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

e of Technology

SMEFT:
C C C
ALwarsaw = —3- (610)0(676) + 57 (61 D,u0)" (67 D"9) + —5(¢70)°
(CAQH o' parotn ’w') CHG 4t ga G (Warsaw basis)
Grzadkowski et al. 1008.4884
HEFT:
h h?\ _ m? P h h?
LD —my (ctv : cttv—z) £t — chnn g h® + 2 (nghfv - Coonn ) G, G

Buchalla et al. '13, ‘18
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coupling relations at Lagrangian level:

HEFT Wa,rsaw
Chhh | 1 — 245 e CH + 343 CH,km
@ |1+% Crtn — & 2 Cuy
Ctt —Xz 2\/3%)m Cunr + X—Qz C'H kin
Cggh A2 iﬂ Che

Collider Physics at the Precision Frontier

Lagrangians relevant for HH production

CHkin =Ch

AT
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SMEFT double operator insertions

C/
1+ 53
R 999999 , 99999999~ | |
1 4 Cy -7 Cit Ve
A2 A2~
M = A \ + A i, SO -+ A .
1 + Sann >~
299900 A—¢—= - — - - - L~ A 0299999099 -
C/
1+ 55
/ / -
C/{gh /// Ci\Qth ///
T o = + - +
1 Chnn™ ~ ~ .
A? - ~

= Mgy + Maime + M gime2

terms ~ 1/A4 same order as dim 8 operators (which are not included)
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SMEFT at amplitude squared level

4 possibilities:
OSM T OSMxdim6
0 (SM+dim6) x (SM+dim6)

O (SM+dim6) x (SM+dim6) T TSM x dim62
o (SM+dim6-+dim6? ) x (SM+dim6+dim6?)

(a): “linearised dim 6” (first order of expansion in 1/A* at cross section level)

(b): “quadratic dim 6” (first order of expansion in 1/A? at amplitude level)

(c): Include all terms (9(1/./\4) coming from dim6*2 and double operator insertions

(d): would correspond to HEFT except for treatment of (s

Collider Physics at the Precision Frontier
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Total HH cross section

Osm x SM + SM x dimg | Osm for SMEFT

flat directions very differentin .
linear versus quadratic dim 6 negative
™1 cross section

10?

100

107!

figures: Jannis Lang
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CHkin

Chkin

AT
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OsM x SM + SM x dimg / Osm for SMEFT

20 10?

15 A

negative y
cross section 4

10 -

linear

1071
-15 -10 -5 0 5 10

O(SM + dimg) x (SM + dimg) | Osm for SMEFT
. 2T TR

= — -
- .

10!

quadratic

-10

-15

_20 S H—HEEE e , -
15 ~10 5 0 5 10

1071
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Higgs boson pair invariant mass spectrum

benchmark
. Chhh Ct Ctt Cggh Cqgghh
(* = modlﬁed) 99 99
SM 1 1 0 0 0
1* 394 1094 | —5 | 05 | 0.25*
6* 5.68 | 0.83 | 5 | —0.5 | —0.25*
modified benchmark point 1 at NLO
2.0
_ + SM
15 ] — preliminary + SMEFT osmxsm + 0sMxdimé
3 — SMEFT  o(sM+dimé)x(SM+dimeé)
10_‘ + SMEFT O (SM+dim6) x (SM+dim6) T OSM x dim62
c.:% : o + SMEFT  0(sM+dim6+dim62) x (S M+dim6-+dim6?)
= | == — HEFT
B 0.5 1 — .
S|& | = - =
'O o R —— M .
00 =——" — — —_— =
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modified benchmark point 1 at NLO
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Higgs boson pair invariant mass spectrum

modified benchmark point 6 at NLO

2.0
—_— " . SM
reliminary T
15 4 — P y 4+ SMEFT osmxsm + 0smxdims
: o SMEFT  0(sM+dim6)x (SM+dimeé)
10 - - + SMEFT  o(sM+dimé)x (SM+dimé) T TS M x dim6?
;;% : - + SMEFT  0(sM+dim6+dim62)x (SM+dim6+dim62)
= ] = — HEFT
3| & : -
= —_— —
. R ey ——
0.0 - — g
—0.5 - - — I& — 1 Ie \/
200 300 400 500 600 700 800 900 1000
7nhh[GeV]

significant differences, delicate interference patterns

parameter point valid in HEFT invalid in SMEFT

figures: Jannis Lang

43 Collider Physics at the Precision Frontier

do
dmpn

do
dmpp

[Gev]

[Gev]

AT

modified benchmark point 6 at NLO

Karlsruhe Institute of Technology

0.15 - = HE
T — 4+ SMEFT osmxsm + 0smxdime
) ] —_— T SMEFT  0($M+dim6) x (S M-+dim6)
0-10 : _ — + SMEFT  0(sM+dim6)x(SM+dim6) + TS Mxdim6?
I - —_ + SMEFT  0(3M+dim6+dim62)x (SM+dim6+dim62)
005  —_ —_
: _—___—_— ___-_-——_::__———
0.00{ =
0054  — — 1& —_ 2 Ie \/
010 1 —— = preliminary
200 300 400 500 600 700 800 900 1000
Mmpuh [GEV]
modified benchmark point 6 at NLO
0.175
: - + S™m
0.150 - - = + SMEFT osmxsm + 0smxdime
j = SMEFT  0(sM+dim6)x (SM+dimé)
0.125 - - + SMEFT  0(sM+dimé)x (SM+dimé) + TS M x dim6?
0.100 - —_— - 4+  SMEFT  0(sM+dim6+dim6?)x (SM+dim6+dim62)
0 = A =4TeV
0.050 1 = _— o
; — - preliminary
0.025 - _ _—____
0.000 4 =——
200 300 400 500 600 700 800 900 1000
Mmuh [GeV]

Gudrun Heinrich



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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Highest perturbative orders (SM)
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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
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Factorisation
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