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The Standard Model of Particle Physics
iIs unlikely to be the end of the story

How we'found hmts of new t
' particles or forces of nature - and
why it could change physu:s T

April 8, 2021 5.35pm BST / \

theconversation.com

I

- New phy5|cs at the Large Hadron 1

| Collider? Scientists are excited, but |

|t’s too soon to be sure 7 = muon anomalous magnetic moment measurement
S rch 29, 2021 8.05pm BST m o : o (Fermilab)

LHCb (CERN)

\
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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 the current energy frontier, no hints of new physics (?)

|

|

7 TeV CMS measurement (stat,stat+sys)
8 TeV CMS measurement (stat,stat+sys)

13 TeV CMS measurement (stat,stat+sys)

May 2022
CMS EW measurements vs.

Theory
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All results at:

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

T
ATLAS

ATLAS
13 TeV, 81 pb’ 13 TeV, 81 pb™
Ry =009, / oltd - Ry, =0y /o5 ~
"I data = total uncertainty * W data = total uncertainty g
| data = stat. uncertainty | data = stat. uncertainty o)
A ABMi2 A ABM12 S
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large spread in theory predictions based on different parton distribution functions
note: very recent results on approximate N3LO PDFs! (MSHT20 aN3LO)
McGowan, Cridge, Harland-Lang, Thorne, 2207.04739
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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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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
luminosity BEODIE (VR
HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY €€ PROTOTYPES e CONSTRUCTION INSTALLATION & COMM.||[|  PHYsICS

HL-LHC CIVIL ENGINEERING:

DEFINITION EXCAVATION BUILDINGS
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Higgs production at HL-LHC: expected precision

________________ 3000 f'b-1 - Vs =14 TeV, 3000 fb™ per experiment
ATLAS andCMS [l stat. + Exp. | Total ATLAS and CMS
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i, HL-LHC Projection
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ow-luminosity LHC
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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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How to increase the precision of the predictions? ﬂ(“.
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parton shower

parton distribution
functions (PDFs)

underlying event

13

<—

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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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

15 Collider Physics at the Precision Frontier
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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:

16

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...

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

17 Collider Physics at the Precision Frontier Gudrun Heinrich



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

Ratio to NNLO
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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:[ }

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 19 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

Collider Physics at the Precision Frontier 20 Gudrun Heinrich
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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)

pPp — W+ bl_) Badger, Hartanto, Zoia 21, Hartanto, Poncelet, Popescu, Zoia 22
pp — bbH Badger, Hartanto, Krys, Zoia ’21 (leading colour)

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

Collider Physics at the Precision Frontier 21 Gudrun Heinrich
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of Technology

2-loop 4-point with massive propagators

(semi-)numerically: P § <
pPp — tt Czakon, Mitov ‘13 @ig; ——

Dp — HH Borowka, Greiner, GH, Jones, Kerner, Sch . Schubert, Zirke ‘16
Baglio, Campanario, Glaus, Muhlle/t/(@%p/ra

pPp — H ] Jones, Kerner, Luisoni 18; F@ﬁ?swg, Hidding et al. "19;
Czakon, Harlander, Klap \gqu‘e iggetiedt '20;  Bonciani, Del Duca, Frellesvig,
Hidding, et al. 2206.10490
PP — HZ Chen, GH, Jones@l?érner Klappert, Schlenk ‘20
\©
np — WTW ™ Bronnum, Qsen Wang ‘20
O
\\

pp — 4/ Agarwal, Jones, Manteuffel '’20; = Brennum-Hansen, Wang ‘21

Collider Physics at the Precision Frontier 22 Gudrun Heinrich
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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 23 Gudrun Heinrich
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Precision: the next challenges

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

AT
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@ 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
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B. Mistlberger 18
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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

26

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

Collider Physics at the Precision Frontier
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Scale uncertainties: Drell-Yan (Z-production)
Neumann, Campbell 2207.07056

1L
o
I

[pb/GeV]
S

20 -
gy .
o
T 10-
~—
o
©
1.2-
s 1.0-
o
O
© 0.8
0.6

o
y

B e

NALL+N3LO

\ 3
I a I
s g

25 30 40 o0 60 70 80

25 30 40 50 60 70 80
8
q7 [GeV]

io to MSHT20 NNLO

1.08 -
1.06 -

1.04 -
1.02-
1.00 -
0.98 -
0.96 -
0.94 -
© 0.92-
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o -_—
|_‘—\_\_ __\_\_\_|_\_‘
_"\—\_‘_\_\—_‘—l—\_\_\_‘— T
| — |
e 1
C—
MSHT20 aN3LO MSHT20 NNLO |— NNPDF40 NNLO
10 20 30 40
-
qr [GeV]

(approximate) N3LO PDFs introduce shape change

Collider Physics at the Precision Frontier
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Higgs boson pair production

ATLAS-CONF-2021-052

* prime process to explore the Higgs potential

l Ll T ) ] ) 1 T I 1 ] ] ] T Ll T l 1 ] 1 ] ) 1 T l Ll T 1

- "l : S= ATLA Prelimi —  Observed limit (95% CL)
(Higgs boson trilinear coupling) ot 133 ey === Expecedimi (95% CL
T I - ’ 1 Comb. exp. limit £10
° | 1k ' ' . ~ i [ Comb. exp. limit 20
It trilinear coupling different from SM, other couplings : -
are likely to be non-SM as well o Y% SM prediction
S |

=P EFT parametrisation by extra operators

// Ct :
\\Ctt [ . Observed: k) € [-1.0, 6.6]

(6666 AN (6666 \\ Expected: k) € [-1.2,7.2]

1 01 T B RS S RS RS S R -
-10 -8 -6 -4 -2 O 2 4 6 8 10
KA

102}

—— bbttt"
m— Combined -

~® Chhh

\\nghh Kx = Chhh = A/ Asm
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Effective Field Theory expansion schemes

AT
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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)

29 Collider Physics at the Precision Frontier Gudrun Heinrich



HEFT and SMEFT
» HEFT: Goldstone sector has a symmetry SU(2);, x SU(2)g (chiral)

AT

Karlsruhe Institute of Technology

which Is broken to SU(Z)L+R (“custodial symmetry”, protects the rho-parameter)
- physical Higgs field h(x) is SU(2), x U(1)y singlet (cf. non-linear sigma-model)

—p | agrangian can contain polynomials

ch (@) with no a priori relation among the ¢,

U

* UV completion can be strongly coupled

model examples: composite H, H-dilaton, conformal H, induced EWSB, ...

« SMEFT: Higgs field ®(x)is complex doublet, transforms linearly under SU(2) x U(1)

EFTs for HH production: tools and technical aspects Gudrun Heinrich



Lagrangians relevant for HH production

AT
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SMEFT:
C C C
ALwarsaw = —y3- (010)0(610) + =57 (01 D) (61 D"9) + —5-(670)°
(C;{LQH ¢T¢CjL¢CtR h.c.) CHG ¢T¢Ga (FHV,a (Warsaw basis)

Grzadkowski et al. 1008.4884
HEF T: Feruglio ’93; Grinstein, Trott '07; Contino et al. 10; Buchalla et al. '13, ‘18

h h? m2 ) h .
LD —my (Ct | Ctt_) tt—chhh—h3 - (ngh - Cgghh 5 ) G, G

v V2 20 87

NLO with full top quark mass dependence implemented in

. . . GH, Jones, Kerner, Luisoni, Scyb
http://powhegbox.mib.infn.it/User-Process-V_a SSHH.: ones 236%_6{68??0”' Cyboz

new: SSHH SMEFT: GH, Lang, Scyboz 2204.13045
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Lagrangians relevant for HH production
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naive translation (comparing coefficients at Lagrangian level):

HEFT Warsaw
v
Chhh 1 — 2 C'H 1 3 CH Kin
2
Ct 1 8 Az CH kin — XQ \/%)mt CuH
V2 3V V2
C ve 8T C
ggh A2 HG
C v_ AT
gghh A2 HG
1
Crxin = Cp Cup
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SMEFT truncation
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C/
1+ 53
> _____
0299999 . 009999~ , 29999999 , ,
M = A Y 4 A - - --m] - A i
1 + Shrn > TS
| A2 ~ =~
299900 A—e—@ - - - - - L~ 299990909 -

C/
1+ 55

— MSM T Msingle ins. T Mdouble ins.

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

- - 1+ 5
truncation options: SRR e o ammsen
M: A Y A>_A20-/<::/ A>1;
1+ Shah >~
N e R KRR~ 20999999
1 1+ 5

0O = OSM A2 OSM x single ins. (a)

+ el S
1 1+ G

A4 Osingle ins. xXsingleins. (b)

1
A4 OSM x double ins. (C)

1 1

A6 Osingle ins. xdouble ins. | A8 Odouble ins. xdouble ins. (d)
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SMEFT at amplitude squared level

4 options:

&

OSM T OSMxdim6

(
(

Q
£
N N 3 N

0 (SM+dim6) x (SM+dim6)

O (SM+dim6) x (SM+dim6) T OSMxdim6? (C

oF

0(8M—|—dim6—|—dim62) X (SM—I—dim6—|—dim62) (

(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, then squared)

(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
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Results: total HH cross section _

note: full NLO QCD corrections building on Borowka, Greiner, GH, Jones, Kerner, et al. ‘16 :::é:jj -----

Osm x SM + SM x dime | Osm for SMEFT

10

- 102

- 10°

10! 10!

CuH

negative
Cross section

10°

_10-

_15 -

_15 ~10 s N : - . 10"
linear quadratic all squared
option (a) option (b) option (d)

flat directions very different for different truncation options | | |
figures: Jannis Lang
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Results at benchmark points
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consider benchmark points characteristic for a certain mHH shape

Benchmark 1

Benchmark 3

> q >
g - & 045
s o
S I = 0309 |-
£ P i, < E
3 031 A § 0154 | i
5 A
© OO‘ "-----...................."n....."m s 000 LT T
5 22 -ty
£ 204 g 30-
v : : : : : : 7 2.0 1 .
300 400 500 600 700 800 00 400 500 600 700 BOO
My [GeV] myp [GeV]
benchmark
(* _ modlﬁed) Chhh Ct Ctt Cggh Cgghh
SM 1 1 0 0 0
1* 5.105 1.1 0 0 0
3* 221 | 1.05 | —3 | 0.5 | 0.25
6* —0.684 | 0.9 | —¢ | 0.5 | 0.25

modified: to fulfil SMEFT relation Cggh = 2Cgghh

Benchmark 6

0.45
0.30 Capozi, GH,
- 1908.08923

K-factor do/dm,h,h [pb/GeV]

00
2.8 -
2.4 _‘I\——"'n‘-/‘\,—\_\"_\_’_,
2.0 1

300 400 500 600 700 800
My [GeV]

* benchmark 1: enhanced low mHH

* benchmark 3: dip

* benchmark 6: SM-like except for
shoulder left of peak

new benchmarks fulfilling current constraints:
Ludovic Scyboz
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Results: total HH cross sections

quadratic dim-6 linearised dim-6
benchmark ONLO [fb] K-factor ratio to SM ONILO [fb] ONILO [fb]
option (b) | option (b) | option (b) | option (a) | HEFT
7%
SM 27.941 572 1.67 1 - -
AN =1TeV _
1 74.297198% [ 913 2.66 04.32
3 69.20707% | 1.82 2.47 29.64 72.43
6 72.511206% 1.90 2.60 52.89 91.40
A =2TeV
1 14.037120% | 1.56 0.502 5.58 -
30.817789% | 1.71 1.10 28.35 -
6 35.39T175% | 1.76 1.27 34.18 -
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Naive translation at Lagrangian level
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(*binigz?g:d) Chhh ct | ¢t | Cggh | Cgghh || CHXin | CH | Cum | CHc A
SM 1 1 | 0| 0 0 0 0 0 0 | 1TeV
1" 5105 | 1.1 | 0 | 0 0 495 | —6.81 [ 328 | 0 |1TeV
3" 221 | 1.05| —3 | 05 | 0.25* || 13.5 | 2.64 | 12.6 | 0.0387 | 1 TeV
6* —0.684 | 0.9 | —% | 05 | 0.25 | 0.561 \3.80 2.20 | 0.0387 | 1 TeV
bt Warsaw g2 1G4l < 1 notfulfiled for A ~ 1 TeV
Chhh | 1 — 2}(2 v2 Cr + 3% Chyin 2
Cy 1+ X—zCH,km XQQ \/%’mt Cum and B ~ mpp up to ~1 TeV
Ctt XZz > \/3§Um Curr + X—Z CH kin
Cggh %i_w Qite;
Cgghh X_zi_ﬂ Cha
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]

fb
GeV

[

do
dmpn

Higgs boson pair invariant mass spectrum ﬂ(".

benchmark point 1 figures: Jannis Lang

12 modified benchmark point 1 at NLO modified benchmark point 1 at NLO . modified benchmark point 1 at NLO
] SM 0.150 16 -
107 i SMEFT  osmxsM + OsMxdimé : —_— H ngFT 0.14 —_— T SM
i p— X xdim 0.125 7] - + OSMxSM + OSM xdimé . : e + SMEFT TSMxSM + TSMxdim6
0.8 SMEFT  0(sM+dim6)x(SM+dimé) 0.100 | SMEFT  0(sM+dim6)x (SM+dimé) 0.12 - | SMEFT /(514 dim6) x (SM +dim6)
0.6 ] + SMEFT  0(spm+dim6)x(SM+dim6) + TSM xdime? ' C — 4+  SMEFT  0(sa+dim6)x (SM+dim6) + TS M xdim6? ] __— | + SMEFT  0(sM+dime)x(SM-+dim6) + OSMxdime?
04 ] — + Z’:FE;T O (S M+dim6+dim62) x (S M +dim6+dim62) ;2_% 0.075 __ + SMEFT O (S M+dim6+dim62) x (S M +dim6+dim62) E 0.10 ] T = + SMEFT O (S M+dim6+dim62) x (S M +dim6+dim62)
4 S — — 5 ]
— = = 0.050 m——— — 0.08 1 - - i
0.2 1 = 8l § = — - e = 5| 5 ] o —_—
] —_— "k 0.025 - — = — <IE0.06 - _ =
0.0 =" — B s S e ] =
' _— 0.000 f— == — 0.04 - = =
—024 . — - —_ : =
] T — — ~0.025 1 0.02 —_ ——
] -0.0504  — 0.00 y===
e — 2 ] 2 ]
1 — 1 _L - 45 25
— o) E'c — & o & & : llllll é} g ] — — ——
— — === _'__’_._i:_n_:: _— '8\':5 _ e e, bl e 'U\Ti 1 _=—_ =+
0 A+ Y8 0] @ =m——— 95 0] T
-1 — . r r . . r 1 T l_'_' """"""""" -1 i — ,_ —— ¥ -1 L A A B R A R R R L R R S R L S BN AL R R R L R R A
300 400 500 600 700 800 900 300 400 500 600 700 800 900 300 400 500 600 700 800 900
mnh [GeV] mun [GeV] mpp [GeV]

A=1TeV A =2TeV A =4TeV

linear dim6: negative cross sections
shape changes as A is increased (obviously, approaching SM shape)

— for low values of A : parameter point valid in HEFT can be invalid in SMEFT
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0.5
0.4 1
0.3 1
" ]
fi? 0.2 1
6| = 1
e 0.1 1
0.0 1
~0.1 1
g
\..
3§
T

10

Higgs boson pair invariant mass spectrum

benchmark point 3

modified benchmark point 3 at NLO

SM
SMEFT

SMEFT
SMEFT
SMEFT
HEFT

TSMxSM + TSM xdim6
O (S M +dim6) x (S M++dim6)
O (S M+dim6) x (S M +dim6) + OSM xdim62

O (S M +dim6+dim62) x (S M +dim6+dim62)

double operator insertions
have large effect

modified benchmark point 3 at NLO

. M
0.150 A M
] — + SMEFT osmxsm + 0smxdime
0.125 ‘: e SMEFT O(SM+dim6)x (SM+dim6)
| == : + SMEFT O(SM+dim6)x (SM +dim6) + OSM xdim62?
}_?; 0100_— ol L + SMEFT O (S M +dim6+dim62) x (S M +dim6+dim62)
43 ] —
= 0.075 —
2 ] — e
© 0.050 - ——
0.025{  __ = T e
4 _—=-ﬁ—
] — = ————————
0.000 E==———"
+
] ey
2 = 2 - [ — - —— _h:':—l——i-
4 g _'_———__'_ﬁ — + +
g=lise] —
~ b — —
04 —
3| & ] —
o
-2 T L e B L B B B S S
300 400 500 600 700 800 900
My [GEV]

A =2TeV

distinguishable from SM
within NLO uncertainties
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figures: Jannis Lang

modified benchmark point 3 at NLO

0.16
. + SsSm
0.14 1 —— + SMEFT osmxsm + 0smxdime
0.12 - | == SMEFT  0(sM+dimé)x (SM+dims)
0.10 3 - 4+ SMEFT  0(sM+dim6)x(SM+dimé) + TSM xdimé?
e'_% . ] ___ = + SMEFT O(SM+dim6+dim62)x (SM+dim6+dim62)
3£ 0.06 - =
o : —
0.04 1 —1 =
e =_
0.00 ="
2.0 1
\d 1.0 T+ ___*&.—#.i’—'—'i‘#‘—'—
35 -
© 0.5 =
O-O -_' ' 1 v Ll $ J 1 v v v v 1 d v v v 1 v v v v 1 $ v v v 1 ¢ v v v
300 400 500 600 700 800 900
Mhh [GeV]

A =4TeV

can be distinguished from SM

in low mHH region
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Higgs boson pair invariant mass spectrum

benchmark point 6 figures: Jannis Lang

modified benchmark point 6 at NLO

]

fb
GeV

[

do
dmpn

0900 modified benchmark point 6 at NLO modified benchmark point 6 at NLO
4+ sS™m g 0.175 1
—— + SMEFT  ogsymxsm + Tsmxdime 0.175 _ + SM : + SM
- ' - — 4+ SMEFT ogsymxsm + Osmxdime 0.150 - 4+ SMEFT ogsymxsm + Tsmxdime
— SMEFT  0(sM+tdimé)x (SM+dims) ] ————T -1V 7 —
= —_— 0.150 —_— = SMEFT  0(sM+dim6)x (SM+dimé) ] — SMEFT  0(sM+dimé)x (SM+dims)
— + SMEFT  0(sM+tdim6)x (SM+dim6) + OSM xdim6? : ] S ]
—— — ] —_— + SMEFT  0(50p4dimé)x (SM+dim6) T TSM xdim6? 0.125 7 e + SMEFT  0(sam+tdim6)x (SM+dimé) T TSM xdim6?
— = 4+ SMEFT  0(sM-+dim6+dim62)x (S M+dimé+dim6?) 0.125 - | . ] ]
__— T — == HEFT 59'._‘> ] s—— T + SMEFT O (S M+dim6+dim62) x (S M +dim6+dim62) e‘> 0.100 ] | —— + SMEFT O(S M +dim6+dim62) x (S M +dim6+dim62)
— @" . || — IR - el ——
_ = 2% 0.100 L 2 ] =
—_ = —_— of 5 : C | 3 0.075 =
- —_— 3|E 0.075 — =i S8 : - =
= T ] - - 0.050 =1
- —_ T 0.050 1 — e ] - =_
= T ——— 00251 = — 0027 = —_—
: = — -__ b o
4 0.020g S 0-0208-_ o
- T -+ AL o U7
—— + +—+H 1" + + ]
. men==RRNR o L L2201 + TRTE
— e e e ~ 1.5 == + N =+= et -+ T T
— ey < ] I e -+ b £ == == 1 1
%'g 1.0 ] * B A S S S S 1 1 . 1 . 11 "U_s 1.0 = e S v
.0 —_— e e e et | B [ B B | |
300 400 500 600 700 800 900 oL S
mpn [GeV] 300 400 500 600 700 800 900 300 400 500 600 700 800 900
Mph [GeV] Mhh [GeV]

A =1TeV A =2TeV A =4TeV

difference between green and cyan shoulder left gone can hardly be distinguished from SM
only running of Qg within NLO scale uncertainties
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Summary & Outlook A\K"

@ Indirect signs of New Physics: precision is the key

@ full NLO QCD results within SMEFT available for gg -> HH
(eHH_SMEFT, Powheg-Box-V2)

@ allows study of truncation effects and comparison to HEFT
® naive translation from HEFT to SMEFT can lead out of SMEFT validity range

@ scenarios that are described well by SMEFT are often not distinguishable
from SM within the scale uncertainties

Thank you for your attention!
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Higgs-boson self coupling

Higgs@FC WG September 2019

L L L L I L I L . . . .
di-Higgs  single-Higgs
HL-LHC HL-LHC HL-LHC
...... 0%, o2 90%
............................................................................................... HELHO VHELHG
...... [10-201% ....... . %==50% .. ........
HE-LHC FCC-eeleh/hh FCC-eeleh/hh
5% 25%
O N N N N N NNNNNAN LE-FCC 1LE-ECC
15% § n.a.
FCC-eh FCC-eh
FCC-ee/eh/hh Dyl a0
‘ .................................................................. T|FCCeel,
—124%
FCC under HH threshold FCC-ee,.,
-ee 33%
BETE-SSSES °
SUNNUNINNNNNNNNNN \\&\\\ FCC-ee,,
............................... 49% ...
ILC1000 O\ "—C1ooo
ILC 10% ) 36%
ILC, —]ILC,,,
27% - 38%
ILC,,
CEPC | e 49%.............
CEPC
............................... 49% ...
CLIC, ,, J CLIC,
-T7%+11% et 49%
CLIC CLIC,_, CLIC,_,
N . \ |, 36% 49%
CLIC,,,
0 10 20 30 40 50 o

68% CL bounds on k, [%]  aituture coliiders combined with HL-LHC

European Strategy Physics Briefing Book 1910.11775
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Top quark mass renormalisation scheme uncertainties
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_ 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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Chen, Li, Shao, Wang 1912.13001
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Highest perturbative orders (SM)

0.25 SARALRARARARAS rrr T [T T mmama e T :
E pp—>hh+X
02E s=14 TeV :
oy : Mpp/4<ug,WE<Mpp :
8 ] PDF4LHC15_nnlo_30 1
S 015F ; mp=125 GeV :
= : I m=173 GeV :
< ;E NNLO®NLO,, .
£ 0.1} I N3LO®NLO N=1
b “K N\
© : := - !
0.05 F :
14 F E
o F
=10}
o 'C
B
@)
S 1 :
0.8 oo :
300 400 500 600 700 800 900
my,;,, [GeV]
. H
" H

\fs =14 Tev
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) 0.20F —
- | —
| -
O ——
O —
= | B
] 0.15}
L“ - ! snmd - [
S

S o - )
3 % 010 ] = NNLOnLO-i _
! EE ..... NNLOFTapprox -
< § = e NLO
C [ b of—
_O) 0.05} -
T ™

© |
O < 0.00f -
=y 1.4 '
O - b K
=9 1.3} :
© 00 9 1ok -
A = : :: :
= e 11
% % % 0 O
N N 0.9}
9 (qV] i
o= 0.8k

300 400 500
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example single Higgs production Buchalla, GH, Mller-Salditt, Pandler, arXiv:2204.11808

Loop counting matters in SMEFT

SM

1 1

& 1672 (6666 © A% 167

RN 11 11
-— = —_— - — /‘ —_ — — —
(@) © (6666 ) A (16m)° (4 A? (1672)3
Quc = o™ T u &Gﬁl/ ’ Qe =f ABCG;‘ VGEPGPC g

if only canonical dimension is counted, (b) - (g) would all contribute at the same order (dim 6) !
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