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forward

First-principle, precision simulations

- start with Lagrangian
- calculate scattering using QF T
- simulate collisions
- simulate detectors
— LHC collisions in virtual worlds

BSM searches

- compare simulations and data
- understand data systematically
- infer underlying theory (smorBsw
- publish useable results
— Experiment, theory, data science
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Precision Higgs physics w 7777777 wz

How the LHC became a precision machine

- assume: narrow CP-even scalar ot
Standard Model operators > WZ
- Lagrangian like non-linear symmetry breaking
£ = Low+ Bw gmwH W' W, + 8z -2-mzH 2°Z, — 37 8 "L H (T + ho)
w

bt
H H o
+ AgFg m G G"" + AL F, m A, A*Y + invisible + unobservable

99 — H H— 2z

g9 — H+j (boosted) H— ww
— H* (off-shell

o qu( D omaik (a0 ] e [HTR

gg — ttH H = vy

qq’ — VH H — invisible

Brilliant Run 1 analyses, but...
1 predictions not renormalizable
2 no kinematic distributions
3 not testing Standrad Model
— Just an inspiring first step




Higgs-gauge operators

D6 Lagrangian for Run 2  (smerT

- Higgs operators  [renormalizable]
Oge = o' ¢GL, G* Oww = ¢ W, W ¢ Opg ="+
Opw = ¢' B, W ¢ Ow = (D,.d) W (D, ) Op =

001 = (0,9) 961 (0"9) Oy = 30" (8'0) 0, (6'0) Ops =3 (676)°

- basis after equation of motion, field re-definition, integration by parts
agV fg f fWW f fW f¢ 2
8r AZOGG+AZOBB+ —5 Oww + ZOB‘FE

- Higgs couplings  (derivatives = momentum]

Los = gg HGL,, G + g HALLA™Y

Lps = —

04,2

+9) Z,,2"0"H+ P HZ,, 2" + ¢ Hz,z"
+9% (W:[VW_ HOYH + h.c.) + g HWE W g HWE W
plus Yukawa structure £, p, ;
- one more operator for triple-gauge interactions
Owww = Tr (V”VW wre W;)

— Bosonic electroweak sector: 10 operators




LHC kinematics

Ideal LEP and flavor worlds
- unique EFT Lagrangian: linear realization matching unbroken phase
- chain of separated energy scales MeV <« GeV <« v < Aggm
— systematic expansion in E/A and o [example: ew precision data]

LHC realities

- range of (partonic) energy scales  [making things worse v ~ E g1
- limited precision
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LHC kinematics

Ideal LEP and flavor worlds
- unique EFT Lagrangian: linear realization matching unbroken phase
- chain of separated energy scales MeV <« GeV <« v < Aggm
— systematic expansion in E/A and «  [example: ew precision data]

LHC realities
- range of (partonic) energy scales  [making things worse v ~ E 4]
- limited precision

ﬂ,1:gmhz10% Py A = 400 GeV
(o x BR)gy

- reach from high-energy tails

LHC theory task: SMEFT
- keep self respect
- SMEFT analysis just limit setting
- representation of classes of UV-models
— Goal: describe LHC using QFT




Fermionic operators

Enlarging operator basis
- gauge-fermion operators visible [gqvH vertex]

> - > _ > -
=o' Dol L) O =6'Duo(Erinten) OF) =o' Dol oals)

) _ M _ @)
Opa=""" Opg =" O40 =
.yt _ _
OE;L, = &' D, ¢(Ur, 7" dr,) (9(4:3, = O = (Livulz) (Ly* Ly)
- bosonic operators bounded by EWPD
Op1 = (Do) ¢0" (D) Osw = ¢' B, W ¢
- bigger and better basis
v f fa) fy f, f fy
Lett = Oés AQZOGG+ BOBB+ WWOWW+ BOB+ ﬂ(')w+ V;\VZ Owww
my ff f¢1 f f
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— Physics: rates vs kinematics vs EWPD




Fermionic operators

Enlarging operator basis
- bigger and better basis
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— Physics: rates vs kinematics vs EWPD

Higgs constraints from no-Higgs measurements

>
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- myy perfect SMEFT kinematics H ﬁ;”:;‘: f:;b ﬁmf'%‘:.,;*,‘

g e 1),

Search for heavy resonances decaying into a W or Z 110 GV <m; <140 Gev o]

boson and a Higgs boson in final states with leptons PETIN =gt:::'l“

and b-jets in 36 fb~! of V5 = 13 TeV pp collisions 3 1 uncertalaty
with the ATLAS detector

The ATLAS Collaboration
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Fermionic operators

Enlarging operator basis
- bigger and better basis
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— Physics: rates vs kinematics vs EWPD

Higgs constraints from no-Higgs measurements
- myy perfect SMEFT kinematics

- hierarchy 05;3 — 9qqzH VS Ow — 9zzH
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Run 2 legacy

Combined analysis [aiso Sanz etal, Maltoni etal]
- Higgs—gauge and top sectors, also QCD ffiavo
- rates and distributions
- precision calculations
— Closing in on SMEFT interpretation of all of LHC

5 [ Global Fit Higgs + EWPD + diboson [1812.07587)
1 Global Fit Top scctor [1910.03606]
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EFTs for the LHC

Construction
- define Lagrangian from particle content and symmetries

- perturbative series in coupling(s)
series in operator dimensionality

- running and matching through renormalization group
— Symmetries and new particles as input
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EFTs for the LHC

Construction
- define Lagrangian from particle content and symmetries

- perturbative series in coupling(s)
series in operator dimensionality

- running and matching through renormalization group
— Symmetries and new particles as input

Challenges

- assuming scale hierarchy
ew symmetry breaking/phase transitions problematic

- cut-off scale limiting interpretation
- consistency and uncertainties unclear
— Limited in questions

Strengths
- representing range of models
- describing all observables
- renormalizable theory
— Global LHC analysis framework
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SFitter global analyses
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- uncorrelated ATLAS/CMS measurements
- statistical/systematic/theory uncertainties
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SFitter global analyses

- combination of Lagrangian and nuisance parameters
- uncorrelated ATLAS/CMS measurements
- statistical/systematic/theory uncertainties
- theory uncertainties flat (rrig
- Markov chains weighted, cooling, etc
— Exclusive likelihood

Profiling 'S marginalization [for results see Nina’s talk]

- correlations through nuisance parameters
- 1D limits and 2D correlations interesting

- remove nuisance/physics parameters
Bayes’ theorem — integration with prior vs projection  [konstantin's talk]
- identical for uncorrelated Gaussians — adding in quadrature
profiling flat x Gauss — RFit scheme
profiling flat x flat — linearly added errors

— Both implemented, profiling conservative




SFitter

SFitter global analyses

- combination of Lagrangian and nuisance parameters
- uncorrelated ATLAS/CMS measurements
- statistical/systematic/theory uncertainties
- theory uncertainties flat [rrig
- Markov chains weighted, cooling, etc
— Exclusive likelihood

SFitter analyses

- 2004: SUSY projections
2009: Higgs coupling projections
- 2012: Higgs couplings
2013: SUSY dark matter
2015: Higgs-SMEFT: Run 1 legacy
2016: Fermi-LAT dark matter

- 2018: Higgs-SMEFT: Run 2 legacy
2019: top-SMEFT: Run 2 legacy

- 2021: Higgs-SMEFT: model matching
2022: Higgs-SMEFT: profiling vs marginalization
2023: top-SMEFT: experimental likelihoods

— EDMSs next in line...
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Testing CP

Do not test CP in global analyses
- global analyses infer Wilson coefficients
- marginalizing/profiling removes the best measurements
- kinematics can mimick CP violation

Recap: C and P and T and T and testing them  [cT generally assumed)
- transformations on state with spin/momentum [review: valencia]
Clo(p,9)) = [¢"(p,5)) Plép,s)) =ng l6(~=p,s)) Tlé(p,s)) = (¢(—p, —9)|
- naive time reversal T avoiding inital < final state
Tlg(p, s)) = |¢(—p, —5))

- genuine U-odd is what we want u-cr

(O)g_ycy—1 =0

U-odd is what we get

oWy — Ul —o(iy — Ify) AERID 0y, e =0

— genuine T-odd observable means CP-violating theory, provided

1- phase space T-symmetric  fncusive analyses]
2- initial state distribution invariant under T  (op-coliisions]
3- no re-scattering, means no phase [not foreseen in EFT]




CP observables . v ‘ " .

[ S— 7 - ¢ H--- £ "
CP-violation in SMEFT-Higgs v z 2 s
p )

- CP-violating operators

2

9
4
- 4 external masses
6 P-even, and T-even scalar products
1 C-even, P-odd, and T-odd observable with Levi-Civita-tensor
1. CP-odd and T-odd .
for symmetric initial state also genuine CP-odd and genuine T-odd
non-zero expectation value means CP violation
2. CP-odd and T-even for our LHCb friends]
for symmetric initial state also genuine CP-odd
but without re-scattering, T-expectation value zero
need complex phase for (O)

= Dedicated CP observables

2
= v g i v
Ops =~ (6'¢) By B” Oy = —7 (@70) Wi, w*




LHC processes

Testing CP in WBF
. C-even, P-odd, T-odd observable
O = cuvpo k' k5 a7 G5 sign[(ki — k2) - (q1 — @2)]
- azimuthal angle difference piab frame]
O=2E_(G- x§:)-ki — sinAg;

- CP asymmetry
a _ do(Agy) — do(—Agy)
2% = do(Agy) + do(—Agy)
- help from dimension-6 kinematics
— Testing CP, assuming no re-scattering
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LHC processes

Testing CP in WBF

. C-even, P-odd, T-odd observable
O = €uvpo k' K Q7 05 sign[(ki — k) - (a1 — a2)]

- azimuthal angle difference [iab frame]

O=2E_(G- xd:)-ki — sinAg;
- CP asymmetry
2 _ do(Agj) — do(—Ady)
T do(Bgy) + do(~Ady)

- help from dimension-6 kinematics |
— Testing CP, assuming no re-scattering !

Testing CP in ZH
- same one CP-odd and T-odd observable

O~ Adee

- CP asymmetry as for WBF |
_ do(Agee) — do(—Adee) -0.50 1 §’
|

|

|

0.

Bnvee = do(A¢ee) +do(—Adee)

— Testing CP without assumptions o leading order] ..
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General features

Modern LHC physics
- all of LHC understood in terms of QF T
- SMEFT interpretation framework
- global precision analysis including kinematics
- symmetries input, not output of EFT
- dedicated observables for CP
— Ask Nina about EDM application

Submission

A Global View of the EDM Landscape

work. We find that part of this Lagrangian is constrained very well, while some of the
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