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

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

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

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



The theory-driven era

The Quark Idea
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charm quark 1964 1974
bottom quark 1973 1977
W/Z bosons 1968 1983
top quark 1973 1995

Higgs boson 1964 2012
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we still do not know if the Higgs potential is SM-like
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Production Cross Section

Status of the Standard Model today

March 2019 CMS Preliminary

, o [pb]
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Standard Model Total Production Cross Section Measurements
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Status of the Standard Model today
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“There is nothing new to be discovered in physics now.
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“There is nothing new to be discovered in physics now.
All that remains is more and more precise measurement.”

Lord Kelvin 1900

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

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

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

Standard Model of Elementary Particles + Gravity

three generations of matter interactions / force carriers
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Standard Model limitations

Standard Model of Elementary Particles + Gravity

three generations of matter interactions / force carriers
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Standard Model limitations

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

- too many “ad hoc” parameters in the SM

- neutrino masses

* hierarchy problem

- dark matter

- baryon asymmetry in the Universe

- what drove inflation

- quantum theory of gravitation
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We should perhaps finish with an apology and a caution. We apologize to ex-
perimentalists for having no idea what is the| scale of new physics, | unlike the
case with| the Higgs, |and for not being sure of its couplings to other particles, except
that they are probably all very small.
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We should perhaps finish with an apology and a caution. We apologize to ex-
perimentalists for|having no idea what is the mass of the Higgs boson,| unlike the
case with charm [3,4] and for not being sure of its couplings to other particles, except
that they are probably all very small. For these reasons|we do not want to encourage

big experimental searches for the Higgs bosonl, but we do feel that people performing

experiments vulnerable to the Higgs boson should know how it may turn up.



Precision measurements cornered the Higgs boson mass
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top quark: importance of precision measurements/calculations

top quark mass enters electroweak precision observables

t indirectly via loop effects I
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Importance of precision
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Importance of precision
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there is a lot we can learn without immediate discoveries of new particles
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The precision frontier

fixed order calculations
NLO @cbp+ew), NNLO, ...

{

guark mass effects

{

parametric uncertainties
(e.g. couplings, masses)

parton shower - resummation

non-perturbative effects

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




Theorist’s basic toolbox

* local gauge invariance SU(2) x U(1) x SU(3),

* renormalisability

* perturbative expansions, e.g.

& = ag(u) [6"° + as(p) 6N (1) + aZ(1) 8™ () + .. ]

important principles of QCD:

* asymptotic freedom

qguarks and gluons almost free
particles at large energy scales

e factorisation

short- and long distance
effects can be separated
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QCD corrections: building blocks

example 2 to 2 scattering

LO: usually tree level diagrams M

individual contributions are divergent

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

. infrared
e need a good subtraction method for

singularities of individual contributions

NLO R S 4 S
o = do”™ — do +/ do + /da
/rn+1 [ ]‘5:0 m el S
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corrections subtractions

numerically

numerically
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QCD corrections: building blocks

double real |-loop virtual 2-loop virtual
& single real

v v v

implicit IR poles (PS integration) explicit and implicit poles  explicit poles 1/€2L

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

analytic structure)



Status

e NLO automation:
phase after

“Industrial revolution”
various automated tools

NLO QCD matched to parton
shower is new state of the art




e NLO automation:
phase after

“industrial revolution”
various automated tools

NLO QCD matched to parton
shower is new state of the art

Status

* NNNLO: some results availabe!



What caused the NLO revolution?

gauge dependent off-shell states introduce “spurious” terms
.~ try to use on-shell quantities as building blocks

| / on-shell physical

Unitarity method

Bern. Dixon. Dunbar and Kosower

(BDDK) 1994

\
/ \

- construct N-point one-loop amplitudes from tree amplitudes
Bern, Dixon, Kosower ‘98

- use of complex momenta in generalised cuts
Britto, Cachazo, Feng 04

- numerical reduction at integrand level
Ossola, Papadopoulos, Pittau '06

- D-dimensional unitarity

Anastasiou, Britto, Feng, Kunszt, Mastrolia '06;
Forde '07; Giele, Kunszt, Melnikov 08, Badger '09, ...

|9




NLO amplitudes

one-loop N-point amplitude:

+ZC§/\+ZC§ 4@
i -

“master integrals”: boxes, triangles, bubbles, tadpoles
most complicated functions are dilogarithms

(" can be obtained by numerical reduction at integrand level

very different at two loops (and beyond)!

master integrals not a priori known

20



measure or complexity

#loops + #legs + #scales (masses, off-shellness)

(refers to physical results, not individual integrals)



| NNLO results |
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The art of perturbation theory

example: 5-loop contributions to electron anomalous magnetic moment
Aoyama, Hayakawa, Kinoshita, Nio ’15-'18; S. Volkov ‘18
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V-type diagrams
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V-type diagrams
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Do we need a completely different approach?

All you've done is chisel all day! Do something useful,
like helping your brother drag those rocks up the hill.

® MW/§M‘ ‘
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Exploring the Higgs sector

1 1
SM: V(®) = —=—p?®% + - \P*

2 4 A\

| 0 1 3h

$ ¢ =T completely

determined
M2 m in the SM
( ) o fL ilil "h }14:

Sv?

Any deviation in the trilinear or quartic coupling would be
a clear sign of New Physics

A3n, can be measured e.g. in Higgs boson pair production

g(ky) /f7(k3) g(k1) H (k)



Higgs boson pair production channels

e gluon fusion
HH production at pp colliders at NLO in QCD

g JH g . N ; |
g My;=125 GeV, MSTW2008 NLO pdf (68%cl)
- - - d: 'Y (J '
g “H g —tl----H ‘
\
oo

e vector boson fusion

—
-
-
- e

v v
\\/VVVW
\
\
\
1
\
4
VAWV
/I \
/ \
/ \
I \
/ \
OnLolfbl

e top-quark associated

q :
’ g - < L 8 1314 25 33 50 75 100
r .- e.. Vs[TeV]

q

: Frederix, Frixione, Hirschi, Maltoni, Mattelaer,
* Higgs-strahlung

Torrielli, Vryonidou, Zaro ‘14

W w largest cross section from gluon fusion, but still

—3
O'ggHHNlO O'ggH

MadGraph5_aMCE@NLO

. —> difficult measurement



Exploring the Higgs sector

L A A i B L [ S R (N SR
fusewnen et s o
the parameter in the Total  Stat. Syst
H|ggs potentia| measured LHC Run 1 ' ';I, i 125.09 +0.24 ( £ 0.21+0.11) GeV
quite well meanwhile: My, | Hozzost — = 124,88 £ 0.37 (£ 0.37 £ 0.05) GeV.
H-yy — . 4 125.11+ 0.42 ( £ 0.21 £ 0.36) GeV
Combined H_T_H 124.98 + 0.28 ( + 0.19 + 0.21) GeV

M PP R R PSP P
124 124.5 125 125.5 126 126.5

m,, [GeV]

19.7fb" (8 TeV) + 5.1 fb' (7 TeV)
Ql :ITI ' L IIIII] ' LS IIIIT] L] LI 111]1’] L] N
< | CMS o
N 1F /

> F

= :

lings t tor bosons S il | ookt

coupli gs O veClo osons 107F |—95% CL 3

and fermions also
measured increasingly well  10%;

- |---SM Higgs

10_3 ! (M,E) fit
g = 68% CL
—95% CL
1 '4 ! el ! 1l L1 vl 1
0 0.1 1 10 100

Particle mass (GeV)



Main Higgs production and decay channels

ATLAS Prellmmary Observed +io +——|
B Stat. uncertainty
Vs=13TeV.36.1-798 b Syst. uncertainty s
my = 125.09 GeV, IyHI <25 SM prediction
J Yy et
H |
T 2z I-l-l
g =
ggF ww |
(41 b—
--------------------------- -+-----—-—-—---—-----—-—-—-—-—-------—-—-—-<
comb. =
YY ||_—‘—{
<z |
VBF ww o—{
7T b
--------------------------- +---—-—--—-—-—-----—--—--———-------—--—-—----—«
comb. I-—-I
S —p—
4 } —— ':
- VH |
bb | He— ek
comb. ] .
Yy r—;==—-|
--H ttH.'.tH 7T |-——|=ﬁ——|
g bb | b—
comb ..;.l.l.,l.Lllllll.ﬁ'll ........ | PR N | B Y

-1-050 05 1 15 2 2.5 3 35 4

o x B normalized to SM value



Higgs boson self-coupling(s)

ATLAS-Conf-2018-043: —5.0 < k) < 12.1 at 95% CL

Kx = Agn /A5
CMS 1811.09689: —11.8 < k) < 18.8 at95% CL

HL-LHC: &) can be measured at to ~ 30-50% with 3ab ™"

e 30007 (14 TeV)

HH decay channel I I L L
— W I* HL-LHC prospects
bbyy —— —— ATLAS
)\4h IS rather hopeleSS _ - | — - : — 8g/|r§bination
|f |t |S SM'Ilke bbtt - S 4 H '_‘_‘ Stat. uncertainty
g [e—— S—
bbbb e !
|
BBVV(Ivlv) | Fes .
|
bbZZ(4l)| | o
(o ! a
combined g
| | - o | | | |




HL-LHC} ™1
CEPC| ™

FCC-ee| ™%

Prospects at future colliders

bounds on 6k, from EFT global fit
-2 -1 0 1 2

3 FCC-hh (100TeV, 30/ab):

e+ 68%,05%CL bounds, lepton collider only
"I 68%,95%CL bounds, combined with HL-LHC
XX X0 88% CL bounds (combined with HL-LHC)

| ===s—e== 68%,95%CL bounds, 1h only (w/ HL-LHC 1h)

5/%)\ ~ 5%

*128114TeV(3/ab), rates & distributions )\4h c ~ [_47 16]

FCC YR, 1710.06353

s01240GeV(5/ab) only (CEPC)

240GeV(5/ab)+350GeV(200/ib)

8 1240GeV(5/ab)+350GeV(1.5/ab) (FCC-ee)

1| FCC—-ee with zero aTGCs

ILC%

CLIC 7%

250GeV(2/ab) only

250GeV(2/ab)+350GeV(200/fb)

<> |above + 500GeV(4/ab)

‘04> |above + 11eV(2/ab)

.15 1390GeV(500/fb)+1.4TeV(1.5/ab)+3TeV(2/ab)

1+ Zhh at1.4 TeV

.1 0= |binned My, in vvhh (4 bins)

3 DjVita et al. 1711.03978



Theoretical considerations: form of the Higgs potential

The Higgs potential

» could have higher terms in A consistent with SM symmetries

o0 n
h
V(h) = v E Vo (— EFT operators, see e.g. YR4 1610.07922
| U
n=2

» could have logarithmic dependence on the Higgs field
(e.g. Coleman-Weinberg type) ~ ®*1n (cp?/A?)
see e.g. Englert et al 1301.4224
» could have exponential dependence ~ exp (—1/®)

e.g. Reichert et al 1711.00019



Theoretical considerations:

how large can the trilinear coupling be?

there is no truly model-independent answer

» perturbativity should break down at a scale < 13 TeV/|é3]
Chang, Luty 1902.05556 03 = (A — Asm)/Asm

» from vacuum stability and validity of EFT approach: |Asn| < 4
Falkowski, Ratazzi 1902.05936

» from unitarity (based on partial wave analysis for hh -> hh)
and perturbativity: |A3,| < 6.5
Di Luzio, Gréber, Spannowsky 1704.03211

- from Higgs portal models, assuming other couplings are close
to SM: |)\3h‘ 5 0

Di Vita, Grojean, Panico, Riembau, Vantalon 1704.01953

« models with more specific assumptions can lead to stronger bounds
e.g. singlet scalar extension, Lewis, Sullivan 1701.08774



Indirect ways to measure the trilinear coupling

trilinear coupling enters also in .
(example diagrams)

- EW corrections to single Higgs
production processes
McCullough ‘13
Bizon, Gorbahn, Haisch, Zanderighi ‘16
Degrassi, Giardino, Maltoni, Pagani ‘16
Maltoni, Pagani, Shivaji, Zhao ’17, ‘18
Borowka, Duhr, Maltoni, Pagani, Shivaji, Zhao ‘18 9 ‘ h

Nakamura, Shivaji '18 .96
t R
Gorbahn, Haisch ‘19
g - h
* EW precision observables
Degrassi, Fedele, Giardino ‘17 L
Kribs, Maier, Rzehak, Spannowsky, Waite ‘17 ‘L/ _h _;



Indirect ways to measure the trilinear coupling

trilinear coupling enters also in .
(example diagrams)

- EW corrections to single Higgs
production processes
McCullough ‘13
Bizon, Gorbahn, Haisch, Zanderighi ‘16
Degrassi, Giardino, Maltoni, Pagani ‘16
Maltoni, Pagani, Shivaji, Zhao ’17, ‘18
Borowka, Duhr, Maltoni, Pagani, Shivaji, Zhao ‘18 9 v h

Nakamura, Shivaji '18 .96
t R
Gorbahn, Haisch ‘19
g - h
* EW precision observables
Degrassi, Fedele, Giardino ‘17 L
Kribs, Maier, Rzehak, Spannowsky, Waite ‘17 ‘L/ _h _;

The problem is that other operators are
also likely to enter at the same level = requires global analysis



Direct Higgs boson pair production

» gluon fusion: production channel

« process is loop-induced

q(p) / H(ps3)
l/ L
- 100 +
H o
q(p2, H(p4)
a(p) H(ps) 10

LO calculation:

Glover, van der Bij '88,
Plehn, Spira, Zerwas '96

1000 +

Baglio, Djouadi,

with largest cross section

o(pp - HH + X) [fb]

My = 125 GeV gg — HH

~qq’ — HHqq"
T qq/gg — ttHH ;

~-qq — WHH
NN"OQCD””/M qq — ZHH
tjf::"
8 25 50 75 100
Vs [TeV]

Grober, Muhlleitner, Quevillon, Spira ‘13



Higgs boson pair production in gluon fusion

* NLO calculation: technically difficult 2-loop integrals (2 mass scales)

- approximations:
* “Heavy Top Limit” (HTL, also called HEFT, “Higgs Effective Field Theory”)

» “Born-improved NLO HTL”:

rescale NLO result in 71, — 00 5 limit by MEC (my) | MESpT
Dawson, Dittmaier, Spira'98 (HPAIR) K = on .o /00 == 2

supplemented with 1/m; expansion: (+107%)
Grigo, Hoff, Melnikov, Steinhauser 13, '15 ; Degrassi, Giardino, Grober '16

Note:

—> validity of HEFT limited to

HEFT strictly valid only for v/3 < 2m; }
250 GeV < V§ < 340 GeV

HH production threshold: 2m g < V&
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Higgs boson pair production in gluon fusion

 mass dependence in NLO real radiation (“FTapprox”) -10%

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

« NNLO in m; — oo limit: +20%

e total xs NNLO De Florian, Mazzitelli '13

* including all matching coefficients Grigo, Melnikov, Steinhauser '14
* supplemented with 1/m; expansion: Grigo, Hoff, Steinhauser '15
+ soft gluon resummation NNLL Shao, Li, Li, Wang '13; De Florian, Mazzitelii ‘15  +9%

» differential NNLO De Florian, Grazzini, Hanga, Kallweit, Lindert, Maierhdfer, Mazzitelli, Rathlev ‘16

uncertainties due to missing full top mass dependence were unclear at that point
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Higgs boson pair production in gluon fusion

NLO calculation with full top mass dependence

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

4 independent scales s12, s23, mH, mt

all integrals calculated numerically with

SecDec

Borowka, GH, Jones, Kerner, Schlenk, Zirke ‘“15
Borowka, GH, Jahn, Jones, Kerner, Schlenk, Zirke ’17,'19
i ] ] ] graphics by S.Jones

meanwhile confirmed with independent
calculation by Baglio, Campanario, Glaus, Miihlleitner, Spira, Streicher ‘18

based on full NLO calculation:
« g7 resummation NLL+NLQO Ferrera, Pires 16

* full mass dependence in NNLO real radiation,"NNLQO__approx”
Grazzini, Kallweit, GH, Jones, Kerner, Lindert, Mazzitelli ‘18

* NNLL soft gluon resummation on top of NNLO approx De Florian, Mazzitelli “18
39



Higgs boson pair invariant mass

0'20 | | L R
— LO ]
. 1 4 TeV — B-i. NLOHEFT |
% 0.15F — NLOFTapprox ]
Q — LObasicHEFT ]
=, —  NLObasicHEFT -
< 0.10F _
g — 1L — NLO
=
o 0.05}F ]
o - |
0.00 e ————— | } .
Q C _ 3
Lg 15 - e
< 1.0}
0.5¢E

mMup [GGV]

for large invariant masses:

300 400 500 600 700 800 900 1000

——
LO

B-i. NLOHEFT
NLO FTapprox
LO basicHEFT
NLO basic HEFT ]
NLO

300 400 500 600 700 800 900 1000
mMup [GGV]

Born-improved NLO HEFT overestimates by about 50%, FTapprox by about 40%

(at 14 TeV, worse at 100 TeV)

Otot - FTapprox overestimates by about 14%

top quark loops resolved =# HEFT has wrong scaling behaviour at high energies



high energy behaviour

1071k —
> 5 '
= 10} ]
S : — LO :
% —  B-i. NLOHEFT :%%
< 10 3L — NLO FTapprox =
— LObasicHEFT :
— NLO basic HEFT
04| - NLOI ]
103
A Mhup [GGV]
—3 . . . o
full; ~ m,; i.e. partonic cross section scales as 1
dmpp, X
L do . .
HEFT approximation: ~ mpyp 1.€. 0~ S
dmhh

similar for H+jets: Jones, Kerner, Luisoni ‘18

see also Marzani et al. '08; Caola, Forte, Marzani, Muselli, Vita '16



HH@NLO + parton shower

 full NLO + parton shower

Powheg and MG5_aMC@NLO + Pythia, GH, Jones, Kerner, Luisoni, Vryonidou ‘17

Sherpa Jones, Kuttimalai ‘17

Powheg + Pythia 8.2, Powheg + Herwig 7.1  GH, Jones, Kerner, Luisoni, Scyboz

including possibility to vary trilinear Higgs coupling 1903.08137

also allows variations of top-Higgs Yukawa coupling

publicly available

POWHEG-BOX-V2: User-Process-V2/ggHH
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HH@NLO + parton shower

= 107 ¢ NLO mmm -
5 04 PP8 =3 1pythiag
Py . = PH7-G === 7 Herwig7 angular-ordered
=S e PHT7-dipole 1Herwig7 dipole
= - LHC 14 TeV g :
S 107° L PDF4LHC15 == .
o JL = TNhh / 2 %_:;‘ég__

107 - hdamp = 250 ¥%

3.0 : | | | | | | I

o N .
"‘C'-_é 2.0 my N N _E
= 1.0

=
[

200

300
pr [GeV]

400

500 600

* transverse momentum of one of the Higgs bosons:

700

inclusive in additional radiation, not very sensitive to shower differences
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HH@NLO + parton shower

G me =t
B 104 L s i PH7—(j [ 3

= : —— PH7-dipole
=S 10~° - = E
2 -6 - LHC14TeV = = :
IS £ PDF4LHCI15 = E
107" ﬁdzg}i’%o e
glg ; T | | | | | :——j
o U R =
g 20F =
1.0 = , , —
0 100 200 300 400 500 600 700

pr [GeV]

Pythia8

1 Herwig7 angular-ordered
1 Herwig7 dipole

- transverse momentum of Higgs boson pair: NLO is first non-trivial order

* very sensitive to extra radiation

- Pythia8 produces additional hard sub-leading jets
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HH@NLO + Sherpa

» differences in peak region
due to different matching
algorithms

* large pTHH region:

MGS5 aMC@NLO results
within (large) uncertainty bands

Powheg with Aqamp = 150, 250, oo

not within {tps variation band

do /dpt™™ [fb/GeV]

0.5

0.3

0.2

2.5

2.0

1.5

1.0

2.5

2.0

S. Jones,
S. Kuttimalai ‘17

SHERPA, Dire Shower
======= SHERPA, CS Shower

- Powheg-Box + Pythia oy SIS LS e
S MadGraph5_aMC@NLO + Pythia ‘

20 30 40 50 60 70 80

Ratio to fixed-order
Sa
¥ e o
,"'!'l ---___.. ------------- el SR 1 i _‘_.__\—
15__________________________:::::::::::::::ir
200 400 600 800 1000

400 600 800 1000
pi¥ [GeV]



do /dph* [pb/GeV]

ratio

compare POWHEG and MG5_aMC@NLO

MG5_aMC@NLO version 2.5.3:
new shower starting scale Qsh

picked with some probability distribution in

shower_scale_factor x (0.1 Hp/2, Hyp/2)]

10_3 h B NLO C—
i POWHEG hdamp=250 |
10~ B Ege Qah = Qger
1077 L C—
| Full SM gy -
107" b LHC 14 Tev g
10-7 | PDF4LHC15 NLO T
N ’n-llll/“")
2.0
1.0 e Ee s == e N TN Tl

0 100 200 300 400 500
P [GeV]

new default shower starting scale matches
onto NLO fixed order at large pThh

600
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compare POWHEG and MG5_aMC@NLO

MG5_aMC@NLO version 2.5.3:
new shower starting scale Qsh

picked with some probability distribution in

shower_scale_factor x (0.1 Hp/2, Hyp/2)]

do /dph* [pb/GeV]

[ -t
> 99

=N W
o oo

ratio

= 1073 L NLO g

5 — POWHEG hdamp=o00 |

107 S MG5_aMC@NLO Qg = Q54 ]

= \_ S

= 10—5 1:_ :__::—__ 3

= . Full SM e T

o 107" b LHC 14 Tev TR 1

~ -7 | PDF4LHC15 NLO -
;_: H = 772’]111/2 =

600

')
. NLO |
= POWHEG hdamp=250
- T Qsh = Qfer 3
'~ Full SM e S=ug
- LHC 14 TeV —T— ;
- PDF4LHC15 NLO T R
g H = ’nhh/:') ;
0 100 200 300 400 500

P [GeV]

300 400
Pt [GeV]
MG5 aMC@NLO

old shower starting scale @sh:
picked with some probability distribution in

100 200

shower_scale_factor x [0.11/3,V/3]

new default shower starting scale matches

onto NLO fixed order at large pThh
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HH@NLO + parton shower

variation of hard shower scale in Herwig7, compared to Pythia8

__1Nn-3
%10 2 PH7,UQ=%;L0:1_§
D104 L - PH7 pig = po === 7
=y ; _— PHT pg = 2pp m==m 3

: o _
=5 T — . PP8 .
L1070 L —
f%. _6 i K) — 1
< 107 & LHC 14 TeV
R - PDF4LHC15

1077 L p=mnn/2
30 Ppdamp=29

2 20F - -
5105 -

0 100 200 300 400 500 600 700
pr |GeV]




mass effects versus parton shower effects

do/dp7 [pb/GeV]

Full SM NLO } ’
Full SM NLO+PYS8 -
Born-impr. HEFT NLO+PYS8 .
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mass effects versus parton shower effects

do/dp7 [pb/GeV]

] Full SM NLO } 9

_ Full SM NLO+PYS Yo

= Born-impr. HEFT NLO+PYS ]

- e T —b»
| POWHEG hdamp=250 o

O Wf‘]"'l”"l"”l"” t
I




variation of the triple Higgs coupling

e q

140 } Lo 5 PRI -
N NLO | cross section is quadratic
120 NLOHEFT 1

o [fb]

NLO FTapprox A

polynomial in )\

> o

maximal destructive interference

between box-type and triangle-type

contributions around

Chihh = ABSM/Asm =~ 2.4

35 — LO ;
— NLO :
— NLOHEFT -

NLO FTapprox _




ISO-contours for the total cross section

o) / OQN\ Vvarying both, Yukawa coupling and K\
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variation of the triple Higgs coupling

(-
-
|
oo
|

% Chih = ABsMm/Asm Chhh = 1.0 e E

@) Chhh — 2.0 ==

B 4 I Chhh — 2.4 ===

L chhh = 0.0 3

= = = e =

E E: —

© 10_5 = = — E

Py - . LHC 14 TeV e E

© - PDF4LHC15 ="
op o RO = 2 -

300 400 500 600 700 &00 900 1000
My, |GeV]

dip in Mpp distribution near 350 GeV for Chhh values around 2.4
chhhn = 0 largest in this group



variation of the triple Higgs coupling
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degenerate total cross sections have clearly distinct shapes



BSM couplings in the Higgs sector

non-linear EFT framework:
Electro-weak chiral Lagrangian (EWChL) [Buchalla et al. 13]

Lagrangian relevant for gg — HH (at chiral dimension 4)

r h h?\ - h,h3 h W G¢ GYH
D~y |\ G + Cit 3 LT — Chhh 87r Cagh — T Coghh’ 3 | “uv

2V v

*5 (possibly) anomalous couplings

* Goldstone fields: U = exp (2ip®T*/v) (non-linear realisation)

* 3 scales: EW scale v, scale f of Higgs sector dynamics,
cut-off scale A = 4n f =

« expansion parameters ¢ = v?/f* and f*/A% =1/(1677)
(loop factor)

« SMEFT assumes & < 1, expansion in powers of &



Relation to SMEFT
(restricted to Higgs sector + QCD)

SMEFT:
CH o (st Voot by (bt & Co M 3
ALdime = 52 Oh Ou(@'0)0" (¢ 9) + U—Qyt(Cb ¢ qrotr + h.c.) 902 12 (@' o)
Cu ~ 4c
- 0. (@L0" Gt + he) + L g2616 Gy, G
EWCHhL:
h h2 2 5
ALgy<a = —Mmy (Ct_ + Cit —2> £t — Chpn—=tih
v v 2V
Qg h h? .
| . <ngh; +nghh /02) G G H
relatIOnS Cy = ]- - % - (_u Cyp = —(—H —;3(—1’ Chhh = ]- _ :3( H + C¢



non-linear EFT calculation + NLO QCD

Buchalla, Capozi, Celis, GH, Scyboz 18

LO diagrams: %%:I /
dy <4

and O(g?)

I

N A Y

N\ A
N\ A
N\ \

NLO diagrams:
(virtual corrections)

dy <6 and

O(g2) at diagram level

2-loop SM- I|I<e

pa— E ey
1-loop EFT

S — - I
tree EFT

— T
3 ﬁ B




non-linear EFT calculation + NLO QCD

examples of NLO diagrams: real radiation corrections

5-point 1-loop diagrams tree diagrams o< Cygh, Cgghh

4 /
/ /7 7/
4 /
7/
__‘
N\
N\ N\
\ N\ N\
N\ \ N\

N\
\

/7
7/
7 Vg 7/
7/ 7/ /7
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\
\ \
\ \ N
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\
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thanks: Ludovic Scyboz
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non-linear EFT calculation + NLO QCD

K-factors on(nyLo/0 Lo as functions of the BSM couplings

K-factor @ NNLO
25} i ‘ ) 1 2449

C
\—/f Cy “ O-NLO/O-LO

= Cggh

2.0}

=== Cgghh
25} gg

224 —— ¢,

2.0}
2.5}

2.0}
2.5

2.0}
25}

<

2.0F

-10 -0 °é° 02 10 20 -15 -10 -05 00 05 10 15 20
coupling
NNLO rescaled HEFT (m; — oo) NLO with full m; dependence
De Florian, Fabre, Mazzitelli *17 Buchalla, Capozi, Celis, GH, Scyboz ‘18
cs=1+10¢,
¢ =1+0.55¢, top mass effects very important!
SMvalues: £ =0 cu=15¢,
cg = 0.15&,

Cgg = 0.15 €.



Summary & Outlook

- it is likely that New Physics is (currently) hiding in small deviations

» precision calculations and -measurements become vital
(control higher orders, top mass effects, shower uncertainties)

58



Summary & Outlook

- it is likely that New Physics is (currently) hiding in small deviations

» precision calculations and -measurements become vital
(control higher orders, top mass effects, shower uncertainties)

» the Higgs sector is just starting to get explored
(makes a case for future colliders!)

58



Summary & Outlook

- it is likely that New Physics is (currently) hiding in small deviations

» precision calculations and -measurements become vital
(control higher orders, top mass effects, shower uncertainties)

» the Higgs sector is just starting to get explored
(makes a case for future colliders!)

- the trilinear Higgs coupling is a prime candidate for
New Physics to show up

58



Summary & Outlook

- it is likely that New Physics is (currently) hiding in small deviations

» precision calculations and -measurements become vital
(control higher orders, top mass effects, shower uncertainties)

» the Higgs sector is just starting to get explored
(makes a case for future colliders!)

- the trilinear Higgs coupling is a prime candidate for
New Physics to show up

- other modified couplings also need to be taken into
account — requires global EFT analysis
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The Standard Model is unlikely to be the full picture

precision calculations/measurements
may uncover the unexpected !
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dependence on shower parameters
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compare Pythia6 and Pythia8

NLO == ]
NLO+PY8 = -
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top quark mass effects

total cross sections at 14 TeV

Ho — mHH/2

J1,0 [fb]

ONLO [fb]

ONNLO [fb]

HEFT
B-1. HEFT

F Tapprox

full m; dep.

30.9%
17.071:22.2%
27.6%
19.85:“20.5%
27.6%
19.85i20.5%

19.85150 50

6%
31.0311757
1%
38.32333%
T%
34.26235%

V8
32.911 5o

2%
37.52F0 20

PDFA4LHC15 nlo_30_pdfas

my=125GeV, m;=173 GeV
uncertainties: ppp € [1o/2,2 po] (7-point variation)

HXSWG: 0NN, = ONNLL

HEFT __ n A1+4.4%




NNLO approximations

Vs 13 TeV 14 TeV 27 TeV 100 TeV
NLO [fb] 27.78 T 10S | 32.88 T o ve | 127.7 11008 | 1147 %77
NLOF Tupprox [fb 28.91 11208 | 34.25 71300 | 134.1 71378 | 1220 F150%
NNLONro—; [fb 32.60 1250 | 38.66 1038 | 149.3 T 5% | 1337 100 %
NNLOB_pro; [fb 33.427105% | 39.58 11 3% | 154.2107% | 1406 1057
NNLOF Tapprox [P] 3105208 | 36.69 54 | 139.9T50% | 1224 19507
M; unc. NNLOprapprax | +2.6% +2.7% +3.4% +4.6%

NNLOF Tapprox /NLO 1.118 1.116 1.096 1.067

considerable reduction of scale uncertainties

M uncertainties:

half the difference between NNLO_FTapprox and NNLO_NLO-improved



constraints on cg and top Yukawa couplings

CMS Preliminary  35.9 fb™ (13 TeV)

ch.08__ — Combination = E
_ <]
) —H-yy —6
0.061- M7z
0 04: T
L Cggh and Ky
300 ~14  are already quite well
a constrained from other processes
ok °  (single Higgs, ttH)
—2
~0.02}-
~0.04Hagestit  rsm
| IR | |

0 05 1 15
1812.06504



Approximations

Pty = = = = = =
B-i HTL: \ !
Dawson, SR
Dittmaier, Spira 98

Pr—— - + >+ e

FTapprox: A 1

Maltoni, Vryonidou, SR e
Zaro 14
~ P
Pr + s o oo o o - < -

81

Full Theory: } 1 Y g 4
2

O ——— - - - - - - - S
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Some two-loop integrals for gg to HH

Yukawa only (< 4-point)

-
Y A - -
‘ -~
RN Reducible
v - - Degrassi,
Giardino,
- > Grober 16
g Non-planar L

Self-coupling (<3-point)

LS

Integrals Known
gg il
Spira, Djouadi et al. 93, 95;
Bonciani, P. Mastrolia 03,04
Anastasiou, Beerli et al. 06;

slide by Stephen Jones

Many integrals not known analytically, except:
H — Z’}/ Bonciani, Del Duca, Frellesvig et al. 15; Gehrmann, Guns, Kara 15;



NLO automation

- tree amplitudes ; :
- infrared subtractions » virtual amplitude

. : BLHA or
phase space integration/ custom made

event generation
- parton shower (optional) - Blackhat
* FeynArts

* Powheg *GoSam

» Sherpa * Madloop

» Herwig7/Matchbox * NJet

» Geneva * OpenlLoops
*Vincia * Recola
all in one: collection of pre-computed processes:

* VBFNLO

* Grace 69



