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Higgs couplings ::})>‘ 7777777 Wz
How the LHC became a precision machine
— assume: narrow CP-even scalar b
Standard Model operators > N
— Lagrangian like non-linear symmetry breaking )
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Brilliant Run 1 analyses, but...

1 not renormalizable
2 no event kinematics
3 not full SM




Higgs-gauge operators

D6 Lagrangian for Run 2 [smeFT)

— Higgs operators  frenormaiizable]
Oge = ¢'¢GZ, G Oww = o'W, WH ¢ Ogg ="
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basis after equation of motion, field re-definition, integration by parts
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nggS couplings [derivatives = momentum]
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plus Yukawa structure f, p ¢
— one more operator for TGV
Owww = Tr (W,“, wve Wg)

= Bosonic electroweak sector: 10 operators



LHC kinematics

Ideal LEP and flavor worlds

— unique EFT Lagrangian: linear realization matching unbroken phase
— chain of well separated energy scales E < A{ < ... K Ay
= SyStematiC eXpanSiOn in E//\ and «  [example: ew precision data]

Rotten LHC world [Brehmer, Freitas, Lopez-Val, TP]

— range of (partonic) energy scales  [making things worse v ~ E_ 4]
— limited precision

o x BR
(o X BR)gy

1| = ~10% &£ A~400 GeV

— reach from energy
= D8 operators not obviously suppressed

Task for LHC theory: develop D6-framework

— keep some self respect
— SMEFT analysis just limit setting
— UV-models what we care about




SFitter analysis

SFitter global analysis [Lafaye, TP, Rauch, Zerwas, Duhrssen (2009)]

signal and background rates from ATLAS/CMS publications
statistical/systematic/theory uncertainties

theory uncertainties flat  (rrit, ckmFitier]

correlations through nuisance parameters

Markov chains weighted, cooling, etc

1D and 2D profile likelihoods

truncation uncertainties as matching uncertainties
Independent analysis with focus on uncertainties



SFitter analysis

SFitter gIobaI analysis [Lafaye, TP, Rauch, Zerwas, Duhrssen (2009)]

— signal and background rates from ATLAS/CMS publications
— statistical/systematic/theory uncertainties
— theory uncertainties flat  (rrit, ckmFitier]
— correlations through nuisance parameters
— Markov chains weighted, cooling, etc
— 1D and 2D profile likelihoods
— truncation uncertainties as matching uncertainties
= Independent analysis with focus on uncertainties

LHC VS LEP [Butter, Eboli, Gonzalez-Fraile, Gonzales-Garcia, TP, Rauch] o« 40
T 40
— Run 1 gauge legacy £ o Lhe
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— triple vertices g4, s, A vs operators F *} ~
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— generic EFT feature: 20:, / J \
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Fermionic operators

Enlarging operator basis [Biekdtter, Corbett, TP; Zhang; Baglio, Dawson, Lewis; Alves etal]

— gauge-fermion operators visible  [gqvH vertex]
h=d —
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— bosonic operators bounded by EWPD

Op1 = (Du0)" ¢0" (D"0)

— bigger and better basis

Opw = ¢' B, W ¢
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= Physics: rates vs kinematics vs EWPD




Fermionic operators

Enlarging operator basis [Biekatter, Corbett, TP; Zhang; Baglio, Dawson, Lewis; Alves etal]
— bigger and better basis
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= Physics: rates vs kinematics vs EWPD

Higgs constraints from no-Higgs measurements

>
H H % ims 1 ‘ I'E"YGV HVT x 10
— myy perfect SMEFT kinematics 2 fo- 13::: fi;gm _ms%‘%
[i1) "=
Search for heavy resonances decaying into a W or Z 110 GeV <m, <140 GeV/
boson and a Higgs boson in final states with leptons osse., -
and b-jets in 36 fb~! of Vs = 13 TeV pp collisions 3 1/ uncertainty

with the ATLAS detector

The ATLAS Collaboration

12 125GeV Higes
boson in the v9bb, ¢*vb, and ¢*¢-bb final states, where £* = e or 4%, in pp colisons
3t V6 = 13 Y. The data used correspond to a toal integrated luminsity of 36.1 11
collected with the ATLAS detecor at the Large Hadron Collider durin the 2015 and 2016
datataking periods. The search is conducted by cxamining the reconstructed invariant or
transverse mas disttions of Wi and 2 candidacsfor evidence of s oclsd xcess i
1220 GeV up 10 STeV.
e e of s an s procion e s simes roncing o
ofheavy W' and 2/ A

data / bkg

iop
between 9.0x 10~ pb and 8.1 10 pb depending on the model and mass of the resonance.




Fermionic operators

Enlarging operator basis [Biekatter, Corbett, TP; Zhang; Baglio, Dawson, Lewis; Alves etal]
— bigger and better basis
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= Physics: rates vs kinematics vs EWPD

Higgs constraints from no-Higgs measurements

— myy perfect SMEFT kinematics
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More operators

UbiqUitOUS QCD operator  [simmons etal; Dixon etal; TP, Krauss, Kuttimalai]

— anomalous gluon coupling
A
Og = gs farc G5, Gy G,

Events per bin

— multi-jet production  [black hole search]

+ CMS data
4-fermion operator for Nigts = 2,3 10° M
jets 1011 —--- SM+0Oc
gluon operator for Nigis > 5 0
% 2.0 SHERPA ot
215 I
e

2000 3000 4000 5000 6000 7000
Sr[GeV]




More operators

UbiqUitOUS QCD operator  [simmons etal; Dixon etal; TP, Krauss, Kuttimalai]

. — 107!
— anomalous gluon coupling 2 0 & oy
L AA 154 Ve
Og = gs farc G5, Gy G, g 17
.. . 5 10 SM e
— multi-jet production  [black hole search] T 105 - - SM+Og Gieme
. ) .. 2 and 1/A* terms)
4-fermion operator for Nigis = 2,3 = 107 Gt

-~ SM+ Og 1/ term)

gluon operator for Njgis > 5 1077

= Careful with interferences... 321  suewea Lo
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More operators

Ubiquitous QCD operator  [simmons etal; Dixon etal; TR, Krauss, Kuttimalai]

-1
— anomalous gluon lin 0
gluon coupling R % w0 2 s
Og = 9s fachgy Gby)\ GUP ;é\. 103
. . &5 10 sM -,
— multi-jet production  plack hole search] B 105 | Co . M+ 06 e
. ) 1/A% and 1/A* terms)
4-fermion operator for Nts = 2,3 ] B
gluon operator for Nigis > 5 1o
. . E . '» T T u
= Careful with interferences... B2 SR o2
o516 Ny
é 0.8 ——=—
Limiting kinematic range 2000 3000 4000 5000 6000 7000

— avoid inconsistent regions
require for hypothesis testing St < A

— remember that upwards fluctuation...
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Higgs-gauge-top legacy

Combined Run Il analysis [siekstter, Corbett, TP]

- quote ftG [Sanz etal: not good assumption]

— quote multi-jet
— hierarchical limits

= Okay, no anomalies, not that interesting

7
[Tev?
10

o

S}

LHC Run | + Il + EWPD

— 68% CL

—— 95% CL

fl‘i lf“‘il {']'.lr
HH ll;ll't tHlm
Qimv

L 7 5 4 4 2 4 7 4 £ 4 % P
&h& %% % z,%; 4 4, %%%‘;%56565@@%@?5’?’

AN
[Tev]

0.5

0.5

0.3

[%]
50

40
30

20



Higgs-gauge-top legacy
Combined Run Il analysis [iekstter, Corbett, TP]

- quote ftG [Sanz etal: not good assumption]

— quote multi-jet

— hierarchical limits

= Okay, no anomalies, not that interesting

TOp sector, executive summary  [Brivio, Bruggisser, Maltoni, Moutafis, TP, Vryonidou, Westhoff, Zhang]

production channels i, {tV, tj, tV, plus top decays
NLO predictions, theory uncertainties not only from scales
— my, pr ¢ distributions unfolded

T T T

. . N E . D 3
— highly correlated 4-fermion sector B e romeans
; ; : = L Fiducial ph: NS MO GNLOPYB
— flat directions circular T 10 TP e
= F Stat. Unc. 3
= Still no anomalies, not that interesting L SeroSyte ]
N
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ZE et w
gn 0.5E
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Run 2 done

Combined Run Il analysis [Sanz etal, Maltoni etal]

— Higgs—gauge and top sectors almost factorized

= closing in on SMEFT fit, but is that our future?
EWPD + LHC Run I + II, 95% C.L.

N TR 1 Global Fit Higgs + EWPD + diboson [1812.07587]
- inv 0
’ ] Global Fit Top sector [1910.03606]

[TevY

/N

[Tev]
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Quantifying available information

Information geometry for LHC  [Brehmer, Cranmer, Kiing]
— remember Neyman-Pearson lemma:
how well can a data set compare two hypotheses?

— modern LHC physics:
how much would a data set tell me about a continuous measurement?



Quantifying available information

Information geometry for LHC  [Brehmer, Cranmer, Kiing]

remember Neyman-Pearson lemma:
how well can a data set compare two hypotheses?

modern LHC physics:
how much would a data set tell me about a continuous measurement?
wanted: covariance matrix [measurement error in model space g]
Ci(9) = E[(& — 9)(g — 9))|9]
computable: Fisher information [sensitivity in model space]
8% log f(x|g
ig) = —€ | T91X9) g
9g; 9g;
over phase Space [phase space x, additive]
L oo oo | o 8% log f(x|g)
o _ - 999
"7 o 8g; ag; ag; 9g;

Crameér-Rao bound defining best measurement  fowest possible covariance]
Ci(@) = (1" )i(9)



Quantifying available information

Information geometry for LHC  [Brehmer, Cranmer, Kiing]
— remember Neyman-Pearson lemma:
how well can a data set compare two hypotheses?

— modern LHC physics:
how much would a data set tell me about a continuous measurement?

— wanted: covariance matrix [measurement error in model space g]
Ci(9) = E[(& — 8)(9 — )|g]
- computable: Fisher information [sensitivity in model space]

82 log f(x|g)
lij(9) = —E | —————
i(9) { a9; 9g; g

over phase Space [phase space x, additive]
L oo 0o E[azlogf“)(xm)}
o —_—

agi 9g ag; 0g;

"= 5 bg og

— Crameér-Rao bound defining best measurement  fowest possible covariance]
Ci(@) = (7 )i(9)
— parametrization-invariant elipses of constant reach in model space
— diagonalize /;, define model-space eigenvectors
— compute information in distributions or phase space regions
= method to benchmark analysis ideas




Parton level

Simple SMEFT application on parton level

— impact of kinematics in WBF?
— worth inclusing H — 4f?
— rare processes like Ht?

[Brehmer, Cranmer, Kling, TP]

°~
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Parton level

Simple SMEFT application on parton level  [grenmer, Granmer, Kiing, TP]

— impact of kinematics in WBF?
— worth inclusing H — 4f?
— rare processes like Ht?

Link to optimal observables  [Brehmer, Kiing, TP, Tait]

searches for CP-violation in VVH vertex

compare crossed amplitudes: H — 4f vs qq — ZH vs WBF

optimal observable o sin Ag;; =00t
100 Eigenvector composition: 0,2 Ow Ouw O 1M Oy

— D6 momentum dependence _
= All with quantitative answers

I eigenvalues

2
2

100 f—

Other operators set to zero
107 Profiling over CP-even operators




Detector level — MadMiner

Accounting for lost information  (srenmer, Kiing, Espejo, Cranmer]

— problem:
Z — vv keeping only missing transverse momentum
H — bb spreading out momentum measurement
backgrounds with different final state




Detector level — MadMiner

Accounting for lost information  (srenmer, Kiing, Espejo, Cranmer]

— problem:
Z — vv keeping only missing transverse momentum
H — bb spreading out momentum measurement
backgrounds with different final state

— reconstruct likelihood ratio at detector level f(oliowing 1808.01324 Sec.3]
p(X4|ds) —lo J 9% p(xal%p) P(Xp|Js)
P(Xd|Gb) J axp p(xa|%p) P(Xp|Gb)

— start with minimization problem for

Fix) = [ o |0 %) — 80 Plxal3) POSIG)

GOMNING PIOXY ) = 909056, 2) PUGIx5) P35 19)
" p(xa19)
— smart choice = =
_ P(Xo|ds) N _ P(xdl0s)
90k %) = P(XpGb) 8 (%) = P(xa10b)




Detector level — MadMiner

Accounting for lost information  (srenmer, Kiing, Espejo, Cranmer]

— problem:
Z — vv keeping only missing transverse momentum
H — bb spreading out momentum measurement
backgrounds with different final state

— reconstruct likelihood ratio at detector level [following 1808.01324 Sec.3]

P(xalGs) _ | J &% P(xalXp) P(XplGs)
P(Xa1Gb) J dxp p(xdlXp) P(Xo|Tb)
— start with minimization problem for

Fix) = [ o |0 %) — 80 Plxal3) POSIG)

defining proxy [ A% 9(xa, %) P(XalXp) P(Xo1G)

8- () P(xa13)

— smart choice P(xa|ds)

P(xa10b)

P(Xo|Gs)
P(%p|Gb)
— likelihood ratio at detector level  [matrix element method]
= Minimization means ML-era

9(xa, %p) = 9:(Xq) =




Analysis benchmarking

Information geometry for benchmarking  (grehmer, Dawson, Homiler, Kiing, TP]
— find best analysis for VH [t vs vertex structure vs 4-point]
Ouo = (¢! 6" 6) — 3(6'0"9)" 6/ D)
Onw = o' pW2, W2 of) = (¢Tiof¢)(5Laaw“QL)
— including detector and backgrounds
— favorite 2D-observables pr y — mr 1ot v STXSs vs full kinematics

VH = V( - leptons)H

Stage 0:

Pry (GeV)
10,150] 1150,250] 250, 00]

Stage 1

|

10.75] [75.150] [150.250)  [250.400) 1400, 0]

Stage 1.1

Improved STXS
140,600 (600, ]
” 10.400]
7ot
1400, 800]
GeV) { 1800, 00]




Analysis benchmarking

Information geometry for benchmarking  (srehmer, Dawson, Homiller, Kiing, TP]

find best analySiS for VH [wf vs vertex structure vs 4-point]
_ 1 .
Omp = (¢'9)0(6" ) — 5 (#'D"9)" (6" Du@)
> —
Onw = o' pW2, W2 Of) = (¢"ID} ¢)(Quo®+" Q1)
— including detector and backgrounds
favorite 2D-observables pr v — mr ot VS STXSs vs full kinematics

scientific answer [rather than physics by committee]

x10°2 x10°2 x10°%

—— Full Kin. 3 Cipyye Profiled - Cyypp Profiled
2 Full 2D dist L=300fb" b L=300fb"
---= STXS, stage 1.1 2

1] == Imp. STXSwr"" . ,
=8 o -~ 28 o 0
) ya $)

£

— Full Kin
-4 Full 2D dist.

) S
9 Chyy =0 ---- STXS, stage 1.1 --=- STXS, stage 1.1
L =300fb" 3] —— Imp. STXS 69 == Imp. STXS
-0.4 -0.2 0 0.2 0.4 -4 -2 0 2 4 0.2 0 ) 0.2
Cup Crp (Caw)

= Why not use modern simulation tools?




Matching

SMEFT vs full model analyses [Geoffray, Luchmann, ... (soon)]
— usual vector triplet benchmark

1=~ ~ v = ~ LA
LrA A M A A v A{/A
(:LSM_ZV Vuv_?v WHU+?VM Vu

~ pA A | x TuA HA vu 2 A A
+§f:g,v i+ Gu VA 25 HEVHAT

weakened model limits using D6-SMEFT analyses?  [regimesinc ~ g/m?]
effect of one-loop matching?

— theory uncertainty from matching scale
= Reminder that SMEFT is not LHC physics



Matching

SMEFT vs full model analyses [Geoffray, Luchmann, ... (soon)]

— usual vector triplet benchmark
1 war i
E:LSM_ZV“ L -

_ G my
2

2 VAW, + LA
= A A ~ A HA gVH 2/ nAT/A
+2{:gf VAT gy VA S HP VA
weakened model limits using D6-SMEFT analyses?  [regimesinc ~ g/m?)]
effect of one-loop matching?
theory uncertainty from matching scale

= Reminder that SMEFT is not LHC physics

Preview

gn




Questions

Theory contribution to bottom-up precision physics at the LHC

Is it really the Standard Model Higgs?  inol
Is there WIMP dark matter? yes)
Is there TeV-scale physics beyond the Standard Model?  yes)
Is it fun to work with data? (sure]
Are EFT analyses un-inspired? fotaly]
Are there nice theory aspects to work on?  [plenty]
Are there nice statistics aspects to work on?  [even more]
Will | stop doing EFT once we find new physics?  (definitely]
= Welcome to a data-driven era!
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