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Inference at the LHC ‘

Complex data x

Many parameters 0

LA 5.1(7 TaV)+19.4-20.3(8 TeV) 1, 66% OL: ATLAS + CMS
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Inference at the LHC ‘

Complex data x
ATLAS

ZLEXPERIMENT

» Conventional analyses:
» standard kinematic observables
= reproducible and transparent;
don't scale well with complexity
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Inference at the LHC ‘

Complex data x

» Conventional analyses:

» standard kinematic observables
= reproducible and transparent;
don't scale well with complexity

» Multivariate methods:

» matrix-element-based
> likelihood-free inference ‘
(machine learning) [””“HH | w
= powerful black boxes ¥ L L l |
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Efficient measurements need guidelines .

1. What is the maximum sensitivity of a measurement?
2. Where in phase space is the information?

3. How powerful are different observables?
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Efficient measurements need guidelines ‘

1. What is the maximum sensitivity of a measurement?
2. Where in phase space is the information?

3. How powerful are different observables?

Now: a statistics tool box based on information geometry
Next talk by Felix Kling:  application to Higgs measurements and SM EFT
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1. What is the maximum sensitivity of a measurement?
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Cramér-Rao bound .

» Measurement process:

f(x6o) 0(x) A
80 SRR X RASN 0
true parameters observables estimator
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Cramér-Rao bound .

» Measurement process:

f(x6o) 0(x) A
80 SRR X RASN 0
true parameters observables estimator

» Cramér-Rao bound for unbiased estimators:
[C. R. Rao 1945; H. Cramér 1946]

cov [é|00]i1 > I_i;(eo)
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Cramér-Rao bound .

» Measurement process:

f(x(6o)
0, —_—
true parameters observables

» Cramér-Rao bound for unbiased estimators:
[C. R. Rao 1945; H. Cramér 1946]

cov [é|00]i1 > I_i;(eo)

with Fisher information
[F. Edgeworth 1908; R. Fisher 1925; ...]

—E[log f(«|0) | 6 ]

9" log f(x/0)
I;:(0) = -E| —=L 207
i(0) [ 36, 06 o
% 7

= I;; ~ maximal precision with which 6 can be measured in an experiment

5/14

U

curvature ~ I(6y)




The Fisher information and the LHC .

» Properties:
» Describes all directions in theory space
» Additive between experiments / phase-space regions
> Independent of parametrization of x
» Covariant under 6 — 0’
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The Fisher information and the LHC ‘

» Properties:
» Describes all directions in theory space
» Additive between experiments / phase-space regions
» Independent of parametrization of x
» Covariant under 6 — 0’

» Fisher information in LHC processes:
> Extended likelihood ansatz:

n
f(x|8) = Pois(nloL) T[] O (x,]0)
——— =1 —————
Total event number Kinematics of each event

» MCintegration gives

aAO'k 1 BAOk

Li®)=L % g Ao, 06,

events k

= Can calculate all I;;(8) from a single MC run
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Cramér-Rao in practice .

» Toy example:
> Weak boson fusion, h — 77
» NP parameters f2, fw, fww
characterizing hW W coupling
» All the cool physics (and all the dirty details)
in the next talk!

74




Cramér-Rao in practice ‘

» Toy example:
» Weak boson fusion, h — 17
» NP parameters f2, fw, fww
characterizing hW W coupling
» All the cool physics (and all the dirty details)
in the next talk!

» Fisher information <> minimal error ellipsoids:

fo.2 fw  fww 005
3202 —625 -7\ oo
I;;(0) = (—625 451 —110) fw
-7 110 244/ [y,




Information geometry .

» Geometric interpretation: [C. R. Rao 1945, S. Amari 1968; ...]
» Parameter space of theory ~ manifold
» Parametrization 0; ~ map (coordinates)
» Fisher information I;; ~  Riemannian metric

» Distance measures:
» Local/tangent space at 0,:

diocal (65 00) = \/1;;(60) (6 - 03) (6 - 0))

~ unlikeliness to measure @ if 0, is true, ‘in sigmas’

» Global along geodesics:

o sp d6;(s) do;(s)
d(ﬂa,ﬂb)—r‘}l(ir)lfsu dS\/I,](H) I e

» Difference between dioca1(6,0) and d(0,0) < impact of O (02) contributions
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2. Where in phase space is the information?

Normalized distribution

Background

120 140 160

80 100

m,, [GeV]




The differential information .

» Differential information with respect to any observable:

dAo 1 OJAc dAo 1 OJAc

I;:(0) = L—— — = L—— ——
]( ) ev;ts 00; Ao 89] bins b evergs:inh dt; Ao 86j

information in b
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The differential information ‘

» Differential information with respect to any observable:

dAc 1 JdAc dAc 1 JdAc
. = - = L — - —
0= 2, 1 20; Ac 09, Lo X 00; Ao 90,

events bins b eventsinb

information in b

> nght' My distribution 0.14 B‘ack?r?u‘nd
» SM Higgs vs NP Higgs 0.12 F
vs Z background rates

Normalized distribution

80 100 120 140 ”‘160 180

m., [GeV]
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The differential information .

» Differential information with respect to any observable:

dAc 1 JdAc dAc 1 JdAc
100 = 20 136, B0 0, " vy ey’ 0, Do 20,
events i o j bins b eventsinb i o J
information in b
> nght' My distribution 0.14 B‘ackgrpu‘nd _; -
. . i ! Information
» SM Higgs vs NP Higgs 0.12 4
vs Z background rates ] 010
» Distribution of differential information 3 * 3.
% 008 -
é) 0.06 2 %
£
2 0.04
1
0.02
0.00

" " RLCTTRYN 0

80 100 120 140 160 180
m. [GeV]
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3. How powerful are different observables?

WBF, hos77, f(x|WBF)/ f(x]backgrounds) > 1, L

10°
— Eigenvector composition: O..» O O y
10° - T —_—— is o
8 P _ = —_—— 1.0 @
3102 — — —_— —— —_ —_ £
s _ — =
g 10t o — — 05 2
s — —_ — — =
-3 - . o =
:?w — - 02 3
101t —_ —_—— 2
10? - _— - 0.1
10
Restricted to 0,.., Oy, Oy 1.2
2
1 E
<
10 =
g
09 &
o[l o
[l I= s el ’_‘ 05
S & & PPVIIVEIN
& & o o€t O g Y S oS F 00,
+ ¥ vy e e 35t o
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5 e g g

Ty

11/14




Information in individual distributions .

» Reduced information in histogram (rather than full kinematics):

stribu 20,(0) 1 90,(6)
Id!str|but|on 0) = L b
! 0= 2156 a® 26,
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Information in individual distributions .

SEIT1386

» Reduced information in histogram (rather than full kinematics):

istributi d0,(0) 1 00,(0)
Iq!str|but|on 0) = L b
H (6) binZS:b 00; 0,(0) 00;

» Right: constraining power of 010
WBF distributions
» different observables 005l
and their combination
» full kinematics
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Comparison of observables

I;; eigenvalues
=B
© 2 5 5
[

e o o =
> o ® o

(det I;;/det I5M)1/3

<
N

WBF, h—n—r, f(leBF)/f(x|backgrounds) >1, L . E =30fb!

e Elgenvector comp05|t|on O,, Ou Om. U Om
I Restricted to O, Ow, Oww
. . . H —_— H I P v [ H m e
N o L P R S Y PN
&\;;( ¥ @ P R S S N \‘VMADQ o K Q« DQ %\DQ « Q« kg v& »
N oo Tt
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Conclusions

Information geometry lets us...

0.05

V0T
o

-0.05
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calculate the maximum

sensitivity of any LHC

process

80 100 120 140 160
ey [GeV]

» find the important

phase-space regions

Stay tuned for physics applications!
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» select the most
powerful observables,
compare them to
multivariate methods
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Bonus material
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Belated introduction slide ‘

» There'’s probobably' new physics in the Higgs sector

» Hierarchy problem

> Fermion masses

» DM with a bit of creativity
» Baryon asymmetry

4 cee

» Measurement of Higgs properties most exciting mission for Run 2

until the LHC finds something really cool

» Need model-independent parametrisation of Higgs properties

' No warranty, expressed or implied

16/34
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UNIVERSITAT
M HEIDELBERG
SM effective field theory ‘ i)
[W. Buchmuller, D. Wyler 85; K. Hagiwara, S. Ishihara, S. R. Szalapski, D. Zeppenfeld 93;
B. Grzadkowski, M. Iskrzynski, M. Misiak, J. Rosiek 1008.4884; ...]
» New physics at A > E ¢ ~ my,?

d*8
EEFT = ESM + Z Od =6 + Z O
i k

e.g.Oy = (D*¢)" " (D"¢) Wy, ...
» Dimension-6 operators: perfect language for PRI 0
new physics signatures in Higgs sector?
» Model independence?
» Correlations between Higgs, LHC TGC, LEP, ...
» Total rates + distributions

Normalized distribution

0.008 | i SM-0, interference

ooy
yOO 300 400 500

m,, [GeV]
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Sensitivity vs validity

» Run|fit:

, L=455.1(7TeV)+19.4-20.3(8 TeV) fb!, 68% OL: ATLAS + I

MS
A AN A2,

[TeV?] - [TeV] [TeV?
” *# N ; 14 I h 0% ° |
* | 1l

o

o

&

-40 @ rateonly
@ rate+distributions 0.15

-10 03 I
0.25
-20

c g 9 9 q o o o
% m & & 6 B 7 9

» Is the dimension-six model still useful?
» Strongly coupled NP: works fine
» Weakly coupled NP: no guarantee,
but works in many scenarios
(with v-improved matching)

[JB, A. Freitas, D. Lopez-Val, T. Plehn 1510.03443]

> EFT less reliable in high-energy tails
[See YR4 and references therein ;),
note similar questions for DM EFTs]

[e]
2

UNIVERSITAT
HEIDELBERG
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SEIT1386

[T. Corbett, O. Eboli, D. Goncalves, J. Gonzalez-Fraile, T. Plehn, M. Rauch 1505.05516]

AN
[TeV]

» Kinematic information up to
%8 E <400 GeV crucial

» Sensitive to NP scales
¥ A~ /400 GeV

g

ud -~ udh(T1)

o [fb/bin]

v-impr. EFT

EFT error

Oeer ~ O
Ot
o

v-improved EFT error

200 400 600 800 _ 1000
P, [GeV]

Tit
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Weak boson fusion (WBF), h — 77 ‘

» Kinematics of tagging jets sensitive to
Higgs-gauge interaction

[D.Rainwater, D.Zeppenfeld, K. Hagiwara hep-ph/9808468;
T.Plehn, D.Rainwater, D. Zeppenfeld hep-ph/0105325;
C.Englert, D. Gongalves-Netto, K. Mawatari, T. Plehn 1212.0843; ...]

» Model: dimension-6 Higgs-gauge operators

N Oy = % a“(¢*¢) ay(fp*(p) rescales all h couplings

fo2
fw | — 0w =3 (0"9)'d" (") W
2 2 hWW, hZZ kinematics
ezp fww —>OWW:7%(¢*¢)W:VW‘“V]C
j.B — Y u T v
Op = 13 (D‘ (p )(D ¢) B‘“\‘
fBB hZZ kinematics

— o2 .
Ops = *% (¢'¢) By B'
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> 0.22¢ . : 3
» Tools: MadGraph 5, MadMax & 0.0k v ATLAS E
0 F P Mye(Z—77) =924 GeV
[J.Alwall et al 1405.0301; ;0-135 s H125)ote Mpon(Ho) = 1202GeV
K.Cranmer, T.Plehn hep-ph/0605268; ‘50.16§ FWHWm,,, =30%
T.Plehn, P.Schichtel, D. Wiegand 1311.2591; 0 0.14F E
F.Kling, T.Plehn, P.Schichtel 1607.07441] So12- E
=
o | 4
» Backgrounds: '§0%;: ]
» QCD and electroweak Z — 77 & oek 1
» Gluon-fusion Higgs production 0.04- 3
0.02- 1
% 50 100 150 200
» Approximations: mi¥e [GeV]
» 7 decays not simulated BR for semileptonic 77 mode
» Parton level CJV survival probabilities from literature
[D.Rainwater, D. Zeppenfeld, K. Hagiwara hep-ph/9808468]
» No detector simulation m-. smeared by single / double Gaussian
fitted to ATLAS results [ATLAS 1501.04943, see above]

» No systematic or theory uncertainties
» /s=13TeV,L-e=30fb""
» Cuts: PT,j > 20 GeV, |l’]]| <5.0, Aﬂj]' > 2.0, ARjj >04
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Maximum sensitivity in WBF, h — 77 .

» Fisher information at the SM:
Oy Ow Oww Op Ogs

3202 -625 -7 =35 0 O,

~625 451 -110 23 2| O,

Li(0)=] -7 -110 244 -6 3l 0wy
-35 23 -6 4 0 Op

0 -2 3 0 0 Osps

» Minimal errors AG > 1/\/T:
» Largest eigenvalue
along Oy »:

A(f/A?) 203 Tev™?
» Ow-Oww plane:
A(f/A?) 21.0Tev™?

» Large mixing

V/0 8




A hierarchy of scales? .

» EFT approach based on E*/A* « 1

» Test this scale hierarchy!

» Limit momentum flow with cut 1400 .
max % f=2
E ~ pr,j < PT,j O 1200 R
[
- & 1000} -
> Precision o
£ 800 f=1 1
2742 D)
A(fVINY) =1V L
© 600t P 1
. < oz .
corresponds to new physics reach 2 a0o] TR
S -
A= val/4 £ 00| P :

8 L

0 L L L L L L
0 100 200 300 400 500 600
P [Gev]
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Geometry of effective field theories .

» Remember

~ dAg(0) 1 dAc(0)
WO =L X 560" 5@ 06,

= I;;(0) only sensitive to linear effects Ao ~ 0;Ac;

» Information geometry for dimension-6 operators, 8, = f#=6 2/ A%

fi=e fefe P 6
Aa:AasM+Z ;\2 Aa,—+ZTAU,~j+Zk: X A0k+(9(l/A)
i i,j

I;;(0), local distances at SM
—_———

always missing

I1;;(0 # 0), global distances

= Difference between local and global distances <« size of O (1/A4) effects

23/34




Global vs local distances for WBF
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Fowv? /A%
o
o
S

i
°
o
G

-0.10

-0.10

—-0.05

0.00 0.5 0.10
Swv?/A?

-0.10 -0.05

000 0.05 0.10 ~0.10
Swv? /A

—0.05 0.00 005 010
Twwo?/A?

Contours of local (dashed) and global (solid) distances d = 1,2, 3, ... from SM

Other parameters set to zero
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WBF distances ‘

Distances from SM d(8,0)

Optimal precision (d = 1):

A(fp2 v [A?) % 0.02
A(fw v [A*) ~0.05
A(fww v’ /A*) ~0.05

~02-0.1 0.0 0.1 0.2 ~02-0.1 00 0.1 0.2 ~02-0.1 0.0 0.1 0.2 ~02-0.1 0.0 0.1 0.2
TN vt /N Tonv? /A fuwn? /A2
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Differential information over pr

Strongly correlated with
momentum transfer E through
production vertex:

measures O ~ 9?/A* ~ E*[A?

SM

fw/A2 Vz =0.5
QCD Z — 1
detI,-j(O)

Normalized distribution

0.40

0.35

:: Background

Information

0 100 200 300
pr, ;1 [GeV]

400 500
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2.5

2.0

1.5

(det I;;)/°

1.0

0.5

0.0
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Differential information over Ay ;;

Normalized distribution

0.20

0.10

Information

0.00
2

(det I;;)*/®

UNIVERSITAT
HEIDELBERG
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SEIT1386

Trade-off:

» Background suppression
better at large Ay ;;

» Momentum-dependent
operators have largest effects
at medium Az ;;

SM
fw/A*v?=0.5
QCD Z —» 17

detL](O)
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Differential information over mj

Normalized distribution

0.5

e
ES

o
w

©
[N

o
a

0.0

0 1000 2000

Backgr‘ound

Information

3000
m; [GeV]

4.0

3.5

3.0

2.5

2.0

1.5

1.0

0.5

(det I;;)'/°

UNIVERSITAT
HEIDELBERG
ZUKUNFT
SEIT1386

SM
fw/A*v?=0.5
QCD Z - 1T
detIZ-j(O)
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Differential information over A¢;;

0.10

o o
o o
(=)} ec]

o
o
5

Normalized distribution

Information

Background

UNIVERSITAT
HEIDELBERG
ZUKUNFT
SEIT1386

SM

fww/A*v? =0.5
QCD Z — 171
detIZ-j(O)

29/34




s .. e
Optimizing cuts T
» Scan over m;; and Ay ;; cuts ~ signal and background rate, I;;(0)
» Trade-off between information and purity (left)
» Standard ROC curves (right) can be misleading
35 - - T 10— T T T -
30l \..?‘ my; > 500 GeV, Any;> 2.4 | og| ™ 100 GeV, > 3.6 % |
.. . _ mj; > 400 GeV, Anj; > 3.6 ' myj; > 500 GeV, Anj; > 2.4 ® 6.
° [ >
my; > 1000 GeV, Anj; > 3.6 9 S
e 250 ° . ‘ ' 1 0.6} C
= . e 3 g
ND - “q:) __*
E . - = my; >1000 GeV, Anj; > 3.6 :
< 20t - 1 204 I
. (=]
- & b
. b
15} . ] 0.2 1
10 L L L 0.0 L L L L n
0.0 0.5 1.0 15 2.0 0.0 02 04 06 08 10
S/B Background rejection
Common cuts: 105 GeV < m.; < 165 GeV, pr j; > 50 GeV
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WBF observables after conventional cuts

I;; eigenvalues

(det I;;/det I5M)1/3

==
=
S 9 o o
vVoe 2 2

e o o =
> o ® o

<
N

WBF, h—n-r, An”- >3.6, my > 1000 GeV, L = 30 fbh!

P Elgenvector composition: O,, Ou Om. U Opp
d t t t t t t t t t t t t t — t
I Restricted to Oy 5, Ow, Oww
| = T v P HHWMHH
‘\0\\ (9'“6’ +e"'(' «5\ o Q& M\ WY D&\‘ ;” o Qﬁ DM e Q«* vM
@‘2;( > PRI P Y
SRR
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Adding systematic uncertainties .

Procedure: Local distances from SM, profiled over
» Add nuisance parameter to Fisher Gaussian uncertainties of 5% or 10% on signal
information: rate:
! I 1IN 0.10} |
T\ I

» Profiled information: 0.05} e 1

Iprofiled = It - Ii I;I Im

fo.2v2/A2
o
o
o

[T. Edwards, C. Weniger 1704.05458]

-0.10 1

-0.10 -0.05 0.00 0.05 0.10
fwwv? /A7
Other parameters set to zero
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WBF observables with systematics

I;; eigenvalues
=
o
>

1072

o o o
A~ o o

(det I;;/det I5M)1/3

<
N

WBF, h—r, Anj;; > 3.6, mj; > 1000 GeV, L-e=30 fb!, 10% signal rate uncertainty

Q"

Eigenvector composition: O 2 Ow Oy Oy Opp
—— P ———
I Restricted to O, Ow, Oww 1
NG N P P Y S
,\\)Q & R U N SR DMVMADQ o A,QQ DM e Q&‘ VQKX
N s Q«-‘Q«@ o ?

UNIVERSITAT
HEIDELBERG

SEIT1386

1.0
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0.2

Reach A/\/f [TeV]

0.1

o
[(e]
Reach A/\/f [TeV]
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Fisher information vs likelihood ratio .

» Confidence intervals based on hypothesis tests with likelihood ratio:
are the Fisher information results relevant?

5
(e
» Check! ry

N p

» Sample points 0 in Ow-Oww plane Jf‘f

» Compare information distance d(8,0) 30 }"

to expected log likelihood ratio S _,"
ol p
f(x/6) "
0l0)=E|-21 0 /s
a(610) [ %8 F o) A
o .
0 1 2 3 4 5
Va(e.0)

= Conclusions from information approach should also apply to limit setting
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