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Abstract
The LHC effective field theory working group gathers members of the LHC
experiments and the theory community to provide a framework for the in-
terpretation of LHC data in the context of EFT. In this note we discuss ex-
perimental observables and corresponding measurements in analysis of the
Higgs, top, and electroweak data at the LHC. We review the relationship
between operators and measurements relevant for the interpretation of ex-
perimental data in the context of a global SMEFT analysis. One of the goals
of ongoing effort is bridging the gap between theory and experimental com-
1 5 N Ove m be r' 2022 munities working on EFT, and in particular concerning optimised analyses.
This note serves as a guide to experimental measurements and observables
leading to EFT fits and establishes good practice, but does not present au-
thoritative guidelines how those measurements should be performed.
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Area 3: Experimental Measurements and Observables

Ares 3: measurements (1) define observables and measurements
and observablc?‘s (2) relate operators and observables
e.g. Chyg —> operators (Area 1)
oo R
eg. VBS —> processes | tools (Area 2)
™ v I
eg. AD,, —> g observables
. v
e.g.o;(AD,;;)) —> measurements i
e —— P
global fit (Area 4) | — constraints on C,
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touched in Ch.ll, but need “ future work ”
communicate measurements

+ l
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(1) Measurements and Observables

-------------------------------------------------------------------------------------------------------------------------

measurements < observables «— processes

‘@(xreco | 9) = depart P (xreco ‘ xpart) E‘@(xpart ‘ ‘9)
: reco observables | hard process
. - P parton shower ¥ _
: Xreco o «+  matrix elements
: L detector effects ¥ .
i reconstruction ¥ R
1o o | ' parton mom X,y
H )*-‘

LT

0.4 I --------- =

02F +++ ++* 4 o é
S A

pH [GeV]
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(2) Operators and Processes / Observables

e Feynman rules for SMEFT (Area 1) -
I \
_ r 4
relate processes and operators +92zi 0y SOW‘p;prgl P o)
._2-
4
A22 + 7 Zi ?2 CSOB'(plfplzﬂ — D1 P2y as)
|
4igah
— %C@W}! (p’f2p’51 P1 'p277M1M2)
A ANANG - h g : ‘"
4ig"Y oW b s 4708 By p
CSO ! o101 _ CSO ' 1H201 P1
+92—|—g’? p Do €uipson B +g2+g’3~ 'p P2 €pipzon
. 47’§§/ QOWB. ai, b1
P g2y gL e arXivi1704.03888
® In the end relate to observables X ., ‘\,'

— kinematic effects o —
affect sensitivity to EFT parameters ¢

— experimental choice

2
26, 20,0, )
‘@(xreco | (9) X ‘@O(xreco) + Z ( ) ‘@Ok(xreco) + 2 ( ) gjk(xreco) + Z < ) tgéij(xlreco)
O

i<j

SM linear terms quadratic terms
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Part 2 (Chapter Ill)
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But we may need the full chain
to understand sensitivity to operators
assuming reasonably optimal analysis
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(II1) Operators and Measurements

e Which measurements are sensitive to which operators (~—¢ PRI
based on SMEFIT and Fitmaker global fits (G| Tomam e [ o
— limited to the choice of 20-50 operators o | | (28 T O 2
Cin
(e.g. only heavy flavor Yukawa couplings) Con ( o5 O C)
Crn . CnoC
Note: separate note on flavor assumptions... G — .

— limited to the choice of ATLAS+CMS inclusive and differential measurements

Category Processes Ndat

tt (inclusive) 94

e Extract sensitivity: 112, 1w -
, single top (inclusive) 27

Top quark production

tZ, tW 9

— Linear dependence on operators HHE, 41 6
Total 150

. . f . . Run I signal strengths 22

— Fisher information matrix Higgs production Run II signal strengths 10
and decay Run II, differential distributions & STXS| 35

— Global fit with one operator Total o7
LEP-2 40

Diboson production LHC 30

Total 70
Baseline dataset Total 317
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(II1) Operators and Measurements

tV
v

41.4

—

33.1

49.1

434 149 417

147 227

133 232

394 266

26.0

16.6

31.4 395

10.1 236

21.9

42.8

201

31.1

38.6

52.4

0°In f (Oexple)
8ciﬁcj

® Fisher information matrix
(SMEFIT approach)

I;j (c) = —E

‘...'~-
two-fermion operators from Higgs / top data

four-fermion operators from top data

1 4
4
1 4
4
4
1 4

Higgs operators

-
:Zg (nu1u477,u2u3 + NuipsMuops — 277#1#2”#3#4)

+ 61 Nuips (P3P — D208" — plyph* — ps°ph*)
+ Ny a PU DY — PPN — D2 0° — D ph®)

+ Nops (D5 5" — Py 05 — Pl ot — P pl)

+ Npoa (P4 15° — DYDY — 5 0h° — ol pl®)

= N pa (p/f (p3 + pa)H* + (p3 + 104)“'32954)

— Nz (P (p1 + p2)2 + (p1 + p2)"*p!?)
+ Mg ps Mz pa (p1-pa+p2-p3)+ Nyt paMpaps (p1 - p3 + p2 - pa)

N p2 Mz pra (p1-p3+Dp1-pa+p2-p3+p2 ‘p4))
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(II1) Operators and Measurements

log(Linear C dependencies): Zjj Ag;;

> o Linear dependence
Bin 12
Bin 11 (Fitmaker approach)
Bin 10 10
Bin 9 1
=1+ X =40
Bin 8 ’LLX XSM Z A
Bin 7
-2.0
Bin 6
Bin 5
Bin 4
Bin 3
Bin 2
Bin 1
T 2 03 ¢ 3 ¢ S F I E &
© 0 §f S J O O & O S <<§/2 —§2> 7“3PL+2§'27“3PR)
2 92 _|_gl
e B
4 tggv 5 B (<§/2 _ §2) ~H3 P — 2§2’7M3PR)
_o , =y2\3/2 7 J1J3
o2 2 (3> +77)
\/§_U * 124 14
+ = (ORI 0" P+ O, 0 Pr)
. Vg +g?
f1 A -
e
M3 + \/_Q”U pg (C]eCB* ,ugI/PL_I_Cflf2 ,u3I/PR)

1/ =2 _|_ —~12
1 / 1 /

2_|_g/2080 M3PL_|_ 5,1:,02 92_'_9/2 .U'3PL
2,/ 2 i g/2080 MsPR
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Part 1 (Chapter II)
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In other words: how to build a data analysis
(on LHC)
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(Il) Observables (1a)

P(F i1 0)

— optimized observables (matrix element, machine learning)

(e.g. all four-vectors)

‘@(xreco ‘ 6’) — depart P (xreco ‘ xpart)
i [ — typical SM observables (to suppress background)
reco ) EFT-sensitive observables (e.g. angular, qz, etc)
observables \\
Part 1a
| — full accessible information xfull

Example: VBF A®d,; (EFT-sensitive)

SM — (6,, 0)
EFT. CP-odd — (0,6))
— new tensor structures +mix — (6y,+6,)
— higher g dimensions - mix — (6y,—6,)

Andrei Gritsan, JHU 13
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(Il) Observables (1a)

‘@()—C)reco ‘ 5) = ’[d)?part P ()_C)reco ‘ )—C)part) P ()_C)part ‘ 5)

i [ — typical SM observables (to suppress background)
i rec:obI ) EFT-sensitive observables (e.g. angular, qz, etc)
7 Zearr\:e; aes ] — optimized observables (matrix element, machine learning)
| — fullaccessible information ifg&, (e.g. all four-vectors)

— full information is the best, but hard to deal with ND, N > 1

— optimized observables: pack full information in 1.D optimal for one target
works if the number of targets is small

— observable choice does not limit its usage
(e.g. differential measurement of an optimized observable is an option)

Andrei Gritsan, JHU 14 December 2,2022



(I1) Optimized Observables
P(Freco | 0) % Po(Freeo) + Z ( i ) P Ok(xreco) + Z ( > P k(xreco) + 2 <2€9 ) P (Xreco)

ss i<j

x —
2Po1 (% réeo) _ P1(Zreco)

reco

S,

@ Two types from first principles: Ropt,1 =

Ropt,2 = -
. Po(@fil) + ¢ Pu(Efl) P Po(ER) + - PL(ERE)
(matrix elements for models 6, 0,)

006:— ~ ] 0.351 —
. . . . - = ] 03[ - (‘90> 0) B
@ Machine learning equivalent 0.05] ' (0.0 g
- 1 0.25 ]
(parton shower, detector effects) 0.04; oo Goto) £
0.03f 1 — (6p.—0)) :
_ _ : 0.15F i
R opt.1 - train +mix vs -mix ooz, o -
] . 0.01F 0.05F
R opt.2 - train 0 vs 6, (SM) T B
-1-0.8-06-04-02 0 02040608 1 % 010203040506070809 1
“%opt,l 1 - ’%opt,Z

® Essential to limit the set of 0,

1 UL

— determine sensitive ¢, in advance o8k
— rotate basis to remove flat directions < °¢ <
1\50.4 o
e.g.in VBF:rotateto 0, =¢.. i
---------- » 0 00 02 04 06 08 1
P(6)
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(Il) Two Types of Measurements (2b)

e Single-step approach (folded) e [wo-step approach (unfolded)

Event generator — S’[ep 1: “unfold” to parton-level distribution
P (?partl 91') ------------------------ ]é)art C xpart
33 ! S T =,
0ol |0, +** |0, LHE P(Zrecoll) = /dazpart P (Zreco | T pars 360 P (Tpar] ):
' -------------
Pythia, GEANT, reco usually assume SM 6,

—~>full
p ( X rgco | X part)

— step 2: (re)interpretation - global fit

v
OO *ee|0,] ful
L@% ] e Single-step (folded)

| Matrix Element ZC!? | — can be optimal and unbiased
¥ = iy Tl O — most difficult and no re-interpretation
l_{/‘i/\.\/ A e [wo-step (unfolded)
Ol |01 |02 == |0un — easier and open for re-interpretation
\ \'@(j 5 — not full information, SM assumption
xreco

2
20 7 20, 9
<q)(xreco | 6) X g)O(xreco) + Z <9_k> @Ok()_éreco) + Z <0_k> ‘@k(xreco) + Z ( > P, (xreco)
k k 0

0 i<j
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(I1) Differential cross sections (unfolding)

Response Expected

Matri Data Background
d O.- 1 atnx Events Events
] 17 _1 . . .
D e— . R o ] . ] —_— ]
unolding: G = TR Sl =N e
e P gemmmm TR e,

Integrated bin J P — 9—4’-_ d_,, )/ — ) . 9—» 7) t/ —
luminosity width (:UI"GCO‘ ) _ xpart p (xreCO,xparw ) (xpart‘ )

e Differential cross sections — detector corrected measurement

— historically tools for theorists to test calculations and MC tuning
— more recently EFT applications — shape dependence

® Potential concerns:

— unfolding procedure — best with diagonal response matrix
— biased to SM in unfolding — often small, best with flat acceptance effects

— EFT effect in background — best with high S/B

e STXS: “sort-of” differential measurement, likelihood-based fits (may use OO)

— unique to Higgs: multiple production, multiple decay modes
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(1) MEM and ML likelihood inference

e not the same as optimized observables (though can be used to compute):
— ME or ML observables can be used in any approach (e.g. differential)

® Matrix Element Method (MEM) — compute the likelihood from first principles

‘qj()_&reco ‘ ‘9) — d)_c)partp ()_C)reco ‘ ipart)‘@;(iparti‘ ‘9)

...... «------full info

ideal for EFT, but: hard to model transfer function p, ME not available for all processes...

few examples in Higgs, top, EW (e.g. backgrounds)

e Machine Learning (ML) inference — learn the full likelihood ratio
- (sometimes in vicinity of SM)

parameter () <

LA N
see next talk by l B & o=
Robert Schoefbeck e “ e

o

—7r(x, 2|0) > | am-ia .
= arg min L[g] —» 7(z|0) 24—
t(x y < ‘ 9) > g :approximate .
. . I
augmented data 1 likelihood .
1 ratio ’ 9@
......
Simulation Machine Learning Inference
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(Il) Template likelihood fit

® Most common fit approach is based on “templates”

2
26, 260, )
tq)(xreco(part) | 9) X g)O(xreco) + 2 < ) ‘@Ok(xreco(part)) + Z ( 0) ‘@k(xreco(part)) + 2 ( ) ‘@ij(xreco(part))
O

i<j 0

Event generator

P(X | O — templates in bins of observables / measurements
o -
0o | 01| ***|0,| LHE
i o, two-step: first SM templates with full simulation
Pythia,: 'GEANT reco o

F ) skip second EFT templates without detector
p xreco part

(e.g. globals fits in Area 4)

P(F | B) single-step: make EFT templates with full simulation

Matrix Element —

> —f(x full) g’(?partl 91)
] //Y ] /\\/ e Bottom line: variety of approaches
O, 0,10,] »o NO unique recommendation
\ ;(j — awareness of pros / cons, tools

xreco . .
practical choices
Andrei Gritsan, JHU 19
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Final step iIn measurements: communicate results
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Final step iIn measurements: communicate results

measurements

¥ We need to

global fit (Area 4)

discuss this connection

How to communicate systematics, bias, and with all correlations

How to communicate dedicated measurements (single-step)

— approximate likelihood (Gaussian assumptions break, correlations lost...)

— direct fits by LHC collaborations (+ theorists, activity by this WG)

— report “full likelihood” — no practical EFT examples yet, but works in exotica

HEPData supports HistFactory moc
limited to template fits currently, ec

el (full-blown workspaces)
uivalent to fits by collaborations

— report experimental EFT templates wit

N full simulation + observation

(kind of “STXS” at detector level)
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Summary: EFT Measurements and Observables

e Observables for EFT LHC EFT WG Area 3
— from “simple” to optimized observables LHCEFTWG-2022-001

— clear prescription if optimization is desired
needed: clear shared target

e Measurements for EFT global fits

— unfolded (two-step) easier and open for re-interpretation
not full information, SM assumption

inclusive, differential, and STXS used in global EFT fits
challenges: uncertainties, correlations, EFT in backgrounds...

— folded (single-step) can be optimal and unbiased
most difficult and no re-interpretation

MEM, ML inference, template fit with OO
we are still to successfully interface these to the global EFT fits...
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