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Motivation

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits
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Direct searches

WE AIN’T FOUND ANYTHING



The path forward

At
EEIS

This era will be defined by searches
for subtle deviations from the SM



Flavor anomalies
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® New preliminary average: slightly lower R(D*), slightly higher
R(D), reduced correlation

® 3.30 — 3.20 agreement with SM
® Excellent overall agreement between measurements
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CDF W mass

SM
DO | 80478 + 83 @
CDF | 80432 + 79 o
DELPHI 80336 + 67 ®
L3 80270 = 55 ®
OPAL 80415 + 52 ———
ALEPH 80440 = 51 ——
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ATLAS 80370 = 19 —-o—
CDF Il 80433 + 9 @
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with a significance of 7.00" (p=2.5¢-12)



Global fits

EWPD + LHC Run I + II, 95% C.L.
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NP infrastructure
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Sources of Systematics

Where do systematic uncertainties come from?

Aux data
Measurement in orthogonal dataset
Bayesian: latent variable with a prior
Has statistical uncertainty
Repeated measurements give diff results
Eg detector calibration from dedicated beam
Sometimes theory uncertainties!

eg:hffps://indico.cern.ch/evenf/565930/ ccccc ibutions/2371310/attac hments /1387348/2111830/HFSF16_Nachman.pdf)




Sources of Systematics

Aux data ***

ddddddddddddd

Theoretical uncertainties

same



How they are used

Does that work for theory?
What are the distributions?

[Tev

C/N

EWPD + LHC Run I + 11, 95% C.L.

BRiny < 38%
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Global Fit Higgs + EWPD + diboson [1812.07587]

DOI
CDF |
DELPHI
L3
OPAL
ALEPH
Do Il
ATLAS

CDF |

80478
80432
80336
80270
80415
80440
80376
80370

80433

SM

+ 83 —_—

+ 79 —
+ 67 —_——

+ 55 —m——
+ 52

= 51

+ 23

+ 19

.”H

H

9

v b b v b b by

TeV]

ANIC]



Cautionary tale

A Cautionary Tale of Decorrelating
Theory Uncertainties

Aishik Ghosh®’ and Benjamin Nachman®:°

Without Decorrelation With Decorrelation

... Estimated Uncertainty

Pythia

Next year’s
Next year’s generator

generator



(N)LO calculations

Statistical Patterns of Theory Uncertainties

Aishik Ghosh!?, Benjamin Nachman®?, Tilman Plehn*, Lily Shire?,
Tim M.P. Tait?, and Daniel Whiteson?




(N)LO calculations

o(0)~ ZJ dxgxp fo(xg; up) fo(xps Up) Gap(0; UE, UR),
a,b

Gqp(0; Up, UR)



Scales

Infrared+collinear divergences

HE

Ultraviolet divergences

MR

Artifact of truncation of series—
scale dependence should vanish at all orders



Scales

o€lo_,0.]1=[0(ur ) 0(ur_)]

H 1 [
Ug = 7,1‘ — 5 Z p% -+ m2 ILLR,'*' Ko

final state
:U’R,— o



Open questions

o LO(MR—)

See also: 1105.5152, 2006.16293,1409.5036



__ ONLo— 010

t le =
v AO'LO scale

Critical issue:

See also: 1105.5152, 2006.16293,1409.5036



Madgraph paper

The automated computation of tree-level and

next-to-leading order differential cross sections, and
their matching to parton shower simulations

J. Alwall?, R. Frederix?, S. Frixione?, V. Hirschi¢, F. Maltoni¢, O. Mattelaer?,
H.-S. Shao¢, T. Stelzer/, P. Torrielli9, M. Zaro"

Process Syntax Cross section (pb)
Vector boson +jets LO 13 TeV NLO 13 TeV
al ppoWH pp > wpm 1.375 4 0.002 - 10° iig;glég f?;gig 1.773 £ 0.007 - 10° igj‘;;’, i};‘;ﬁé;
= . +19.7% +1.4% 4 +5.9% +1.3%
a.2 pp—W=j PP > wpn j 2.045 + 0.001 - 104 “17.2% —11% 2.843 £0.010 - 10 ~8.0% —1.1%
a3 pp—WEjj pp>wpmjj 68050015103 tf;;gg tg;*;gg 7.786 % 0.030 - 103 fg;gg fg‘;j
ad  pp—Wjjj pp>wpmjjj 1821+£0002-10° F5770 TO¥E  2.00540.008 -10° FEIR T
ab pp—Z pp>z 4.248£0.005 - 10 Tif e 541040022 4100 FHEw F1oy
a6 pp—Zj PP>2z]j 7.209 £0.005 - 103 F19-3% j};g{z 9.742 4 0.035 - 103 i;;gé; Ry
a7  pp—Zjj PP>2z ] j 2.348 £0.006 - 103 +24.8% fg;gi/g 2.665 + 0.010 - 10° fg;gi,g jg;;i;;
... 2 +40.8% +0.5% 2 +1.1% +0.5%
a8  pp—Zjjj PpP>zjjj 6314+£0008-10° Too Tooy  6.996+£0.028 -107 Toon oty
. 4 +31.2% +1.7% 4 +24.5% +1.4%
a9 pp—J pp>aj 1.964 & 0.001 - 10 ~26.0% —1.8% 5.218 +£0.025 - 10 —21.4% —1.6%
a.l0 pp—~jj PP>ajj 7.815+0.008 - 103 +328% +09% 1,004 +0.004 - 10¢ F5.9%¢ +08%




What does it look like?




The pull
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The pull
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The pull
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The tail

Process Mpart Ac/o, =0
P P > wpm 1 1.54x107"
PP > wpm j 2 1.97x107!
PP >vwpm j j 3 245x107!
pp>vwpmj jj 4 410x107"
PP >z 1 1.46x107"
PP > 2] 2 1.93x107"
PP>zJ ] 3 2.43x107"
PP>23 3] 4 4.08x10"
PP>aj 2 3.12x107!
pp>aj ] 3 3.28x107! _
PP > Wt W- wpm 3 1.00 x 103§
PP >z Wt w- 3 8.00x1073§
PP> 2z z wpm 3 1.00x 1072}
PP>zZ2zz 3 1.00 x 1073}
PP > awt - 3 1.90x 1072}
PpP>aa wpnm 3 4.40x 1072}
PP>az wpm 3 1.00x 103§
PpP>azz 3 2.00 x 102§




The tail

What's the pattern?

Process Mpart Ao/o, 2T
PP > wpm 1 1.54x107! 1.84
PP > wpm j 2 1.97x107! 1.96
PP >vwpmjj 3 245x10™" 0.59
pp>vwpm j jj 4 410x107'  0.25
PP >z 1 146x107"  1.87
PP>2zj 2 1.93x107'  1.82
PP>2Z ] j 3 243x107!  0.56
PP>23 3] 4 4.08x107'  0.27
Pp>alj 2 312x107! 533
R 3, -1 ~

1.00 x 1072
8.00 x 1072
1.00 x 1072
1.00 x 1078
1.90 x 1072
4.40 x 1072 ]
1.00 x 1073 1244.49 §
2.00x1072  17.24 |
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Reference processes

Ao Ao
Process — n

(o no,
PP > j +2.49%x107! —1.88x 107! 2 +1.24x 107! —9.40 x 1072
pp>bb +2.52x 107" —1.89x107!| 2 +1.26x10" —9.45x 1072
pp>tt +2.90x 107! —2.11x107'| 2 +1.45x10°! —1.06 x 107!
PP>3 3] +4.38x 107! —2.84%x107!| 3 +1.46x 107! —9.47 x 1072
PP>bbj +4.41x107' —2.85x107| 3 +1.47x10"* —9.50x 102
PP>ttj +4.51x 107! —2.90x 107!| 3 +1.50% 107! —9.67 x 1072
pp>bbjj [+618x1071 —3.56x107!| 4 +1.54x10"! —8.90 x 102
pp>bbbb [+6.17x107" —3.56x107'| 4 +1.54x 107" —8.90 x 102
pp>ttjj |+614%x1071 —3.56x107!| 4 +1.53x107! —8.90% 102
pp>tttt [+638x1071 —3.65x107!| 4 +1.60x107! —9.12x 1072
pPp>ttbb [+6.21x107! —3.57x107}| 4 +1.55x 107! —8.93 x 102
average +1.47 x 10+ —9.34 x 102

Table 1: Scale dependence for LHC processes with only QCD particles in the final
state. For each process, we report the relative scale uncertainty, the number of final
state particles, and the per-particle relative scale uncertainty.



New uncertainty




Examples

Process Mpart Acjo, | Aoe/o, et
p p > wpm 1 1.54x107" 1.84(1.47x107"  1.92
PP > wpm j 2 1.97x107" 1.96(2.94x 107"  1.31
pp>wpm jj 3 245x107" 0.59(4.41x107'  0.33
pp>wpmjjj 4 410x107'  0.25|5.88x107!' 0.18
pp >z 1 1.46x107" 1.87|1.47x 107"  1.86
PP >z j 2 1.93x10! 1.82|12.94x 107"  1.19
PP>2z 3] 3 2.43x107" 0.56(4.41 x 107!  0.31
PP>23j 3] 4 4.08x10" 0.27(5.88x 107  0.19
pp>aij 2 3.12x107!  5.33[|2.94x107!  5.66
PP>aj] 3 3.28x10°0 . 0851441 x10"1 0
PP > Wt W- wpm 3 11.00x10~° 610.69§4.41 x 10~ 1
PP >z Wt u- 3 §8.00x107° 92.39§4.41x 107"  1.68
PP >z z wpn 3 11.00x10™%  85.00§4.41 x 107" 1.93 3
PP>zZ2zz 3 §1.00x 107 302.75§4.41x 107"  0.69 §
pp>awtw- 3 §1.90x1072  42.33§4.41x 107!  1.82 §
Pp>aawpm 3 §4.40x 107> 47.24§4.41x 107" 4.72 §
pp>az wpn 3 §1.00 x 107% 1244.49§4.41 x 107" 2.82 §
PpP>azz 3 §2.00x107% 17.24}4.41x 10" 0.78 |



New pulls

Still tails

14 1 —=—- Gaussian u=0.56 0=0.30

Much reduced

Processes
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Reference
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ref A
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Remaining tails

ONLO—C0
Ao

INLOTT0

Process Npart Ao /oy AC ref

| Aaref/ao

pp>h 1 3.48x107" 3.02|147x107'  7.15



Discussion

Why the Gaussian core?

How to do for NLO, NNLO?




NLO and NNLO and NNNLO







Experimental systematics

SM and its uncertainties to 7o

SM
DO | 80478 + 83 —_———
CDF | 80432 + 79 —_——
DELPHI 80336 + 67 —
L3 80270 + 55 ——@——
OPAL 80415 = 52 ——
ALEPH 80440 = 51 ——
DO Il 80376 = 23 ——
ATLAS 80370 + 19 -0
CDF i 80433 = 9 L g

with a significance of 7.00° (2.5¢-12)



Experimental systematics

SM and its uncertainties to 7o

P(data | SM)



P(data | SM)

P(data | SM)

SM(0, 1)



Nuisance parameters

Pre-fit impact on u: Ap
0="0+A0 | 10=18-A0 -1 05 0 05 1
Post-fit impact on p: L L
0=08+A0 mo="8-A8 | ATLAS
—e— Nuis. Param. Pull /s =13 TeV, 36.1 b
tt+>1b: SHERPASF vs. nominal —0—
P ( d CI tq I S M (H, V) ) tt+>1b: SHERPA4F vs. nominal —."—
tt+>1b: PS & hadronization +
fi+21b: ISR/ FSR ——e—=
ttH: PS & hadronization —o-
b-tagging: mis-tag (light) NP | —-———
k(tt+=1b) = 1.24 £ 0.10 S 2
Jet energy resolution: NP | —d—
ttH: cross section (QCD scale) &
tt+>1b: tt+>3b normalization .—Q—r—
y tt+>1c: SHERPASF vs. nominal —— .
tt+>1b: shower recoil scheme ‘F
ti+>1c: ISR/ FSR ' e
Jet energy resolution: NP Il ——'—0—
{i+light: PS & hadronization —
Wt: diagram subtr. vs. nominal : &
b-tagging: efficiency NP | r ®
b-tagging: mis-tag (c) NP | —0—~—
ET™*: soft-term resolution . * 2 :
b-tagging: efficiency NP Il c ‘
D T T STTE FRTEE PR FRETY FRUTL AT
2 -15 -1 -05 0 05 1 15 2
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Multiple NP dimensions

well studied

Correlated priors



Multiple NP dimensions

well studied
P(data | SM(6,v) )

A

We need
o P(data | SM)
fo get
p-values




Multiple NP dimensions

Less well studied
P(data | SM(6, 1) )

I/2A

. Estimated
Dedicated o<
_— From on-axis

On-axis

How do we do off-axis modeling?

>
Uy



Multiple NP dimensions

A

A o

AP(v,) /

AP(U;)

P(data | SM(60,vy,1,) )
P(data | SM(0,0,0) ), AP(v,), AP(v,)




Multiple NP dimensions

P(deCI I SM(Q, UI’DZ))
P(data | SM(6,0,0) ), AP(v,), AP(v,)

Several possible approaches:

All assume
Impact




Example

3-jet event

pt distributions of
J1 and j>

2001 4 g
250 500 750 1000
Pt [GeV]
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Jet energy uncertainty

pr— prly;
Jetl
A

'3

\ U»
y2,3 / 93

Jet3

Efficiency high when BOTH v vary
Efficiency drops when one varies

Example

3-jet event

Selection: MET<50 GeV
What is efficiency vs NPs?2

E(le, ij. 3)

0.50
0.75
0.75
¢ 0.50
< 1.00
=
1.25 0.25
1.50 0.00
0.5 1.0 15
Dit



On-axis approximations

On-axis approximation

We sample the efficiency along the “central axes” and calculate the rest of the
values according to e(yjl’ yjz,s) ~ €(1,I/j2’3) X €(yj1,1)

Total of 49 observations are sampled (red dots). Absolute difference
between the on-axis

prediction
and the truth

On-axis approximation
- Observations
Prediction Diff

0.5
0.75
0.50
“ 0.50
=
A 0.25 0.25
1.5 !
050 EL V) 05 1.0 15
0:75 0.75 vjl
< 1.00 0.50
gL
1.25 0.25
1.50 0.00

0.5 1.0 1.5
Vit



What to do?

g(V, V2 3)

0.50
0.75
Other approaches 075 -
Naive scan - expensive 3 1.0
1.25 0.25
Qur approach 1.50 0.00
I 05 10 15
Probe space with minimal points Vit

Estimate function with a Gaussian Process
Use Bayesian experimental design to select points
Use derivative info to speed convergence



Work in progress

Efficient Estimation of Multiple Systematic Uncertainties
with Gaussian Processes and Bayesian Experimental Design

Alexis Romero,! Kyle Cranmer,? and Daniel Whiteson!

output, y(x)

0 0
input, x input, x
(a) (b)

Figure 9.1: In panel (a) we show four data points in a one dimensional noise-free
regression problem, together with three functions sampled from the posterior and the
95% confidence region in light grey. In panel (b) the same observations have been
augmented by noise-free derivative information, indicated by small tangent segments
at the data points. The covariance function is the squared exponential with unit
process variance and unit length-scale.



Procedure

— Noise-free func. BED func. obs.
— GP mean — Initial deriv. obs.
95% confidence BED deriv. obs.
o Initial func. obs. .-+ Next BED obs.

Regular GP Derivative GP
[Initial GP] [Initial GP]

54 . 54 .

2 —5- V] 2 -5 :
NS AVANAEINAVASNA

—0.00 = 1D 0.0 :
[BED iter 1| BED iter 1.

5- 5

il

A _‘;:sf\ﬁf\/

[BED iter 2| BED iter 2

Utility y
o
Utility y
O
N

o
o

Tr[Xq)

5 . 5
L WA L AN
+ . 4
S 0.0 'V\f\/\/V‘ 50.00 'v\_/’\r\/\/‘




Results - Toy demo

— Regular GP — Derivative GP
le2

5.0 - 1.0 -

c£2.5 - 0.5 -
& -
O'O B | | | | | | OO - | | | | | |
5 1525354555 5 1525354555
Num. of sampled Num. of sampled
observations observations




Jet problem

« Init. obs. Bayes obs. Next obs.
Prediction STD Utility Diff
Initial GP le 1 le—1 le—1
1 0 1.5 5.0
& 1.0 2
‘ 0.5 fI%->
BED iter 1 le 1 lo— 1
5.0
= 1 0 2.5
. BED iter 8 le—1 le—2
m ' x‘ - .. . 2
S1.0 051, « . [fft-0 sl
o - 5.0

051015 051015 0.51.01.5 0.51.01
vjl le le vjl

.0



Performance

Predicting the full efficiency space
w/various sample strategies using derivative GPs

— BED -- Random (seed=2)
Grid Random (seed=23)
Random (seed=1)

le—2

5 1525354555

5 1525354555
Num. of sampled Num. of sampled
observations observations



4D space

3 jet system (jy, j,, J3):

- Jet energy scale of hardest jet:
-
When n; < 1: Ui;

-

When n; > 1: v}

- Jet energy scale of two softer jets:

When 7,5 < 1: 0/

When 17,3 > 1 : 02

Where 1, 5 is the pT-weighted era
average between j, and j;

pr-weighted mean of

Pseudorapidity distributions

. Nt e '
. 1.7, ;
r L

- 101

10°



4D

space

3 jet system (jy, j,, J3):

- Jet energy scale of hardest jet:
When 7, < 1: ]!
When n; > 1: 1/’1

out
- Jet energy scale of two softer jets:

When 7,5 < 1: 0/

When 17,3 > 1 : 02

Where 1, 5 is the pT-weighted era
average between j, and j;

Truth
(V{rlmer' outer’ V{rzvr?err Vgui‘er)
Vout: Vjozu3=0 5 Vjolut anzu3_1 0 Vélut Vfazu3_1 5

ST

0510 15 05 1.0 1.5 05 1.0 1.5

B 1 1

Since it’s hard to visualize a 4D space,
we hold two prams (yglm, fu ’) to have a fixed
value and we plot the efficiency as we vary

the other two (yf 1y 23)
in in



Approximations

On-axis approximation

On-axis approximation

Total of 97 observations along the central Observations
axes. Prediction ~ Diff
Vgut'vjozil?ii“:O'S V/olut")&ft:o's
The off-axis values are calculated 0.5 = le—1
. - : 1.5
according to 8210 1.0 1 ..... 10
' _ . = 0.5 L |05
eV, 1/{2’3, ViU e(!,1,1,1) X 6(1,1/{;’3,1,1) X 1'5. _ o
D 1 e VhVii=1.0 Vi vli=1.0
e(1,1,0]! 1) x e(1,1,1,0.2%) 05 _ le-1
1.5 0.0 0.0
Voue:Voir=1.5 v{}ut.\/siu%=1l-5
— e—
0.5 75
m 1.0 5.0
4 1.0 L-5 nz'S

1.5

0.51.01.5 0.51.01.5
Vi v



Predicting the full efficiency space
w/various sample strategies using derivative GPs

— BED -- Random (seed=2)
Grid Random (seed=3)
Random (seed=1)
le—2 led

9 100 200 9 100 200

Num. of sampled Num. of sampled
observations observations



Conclusions

AL Statistical
INFRASTRUCTURE

A

-

b il

A

(A

d

N

]

ff

Approximation

made by a grad

student in 2003

T

-

=




QCD scaling

Processes with N_ewk = 0 Processes with N_ewk = 0
® Nqcd+ ® 5 — A/( o Nqcd+)
064 * Nqcd- . 1 A/( o Nqcd-)
4 . -
> 0.5 0
= o
© (O]
5 $ g 31 i
g 2
v 0.4 - g
2 * £2- -
& =
031 o %
0 11
*
024
O 1 1 T 1 T T

200 225 250 275 3.00 325 350 375 4.00 0.00 0.05 0.10 0.15 0.20 0.25 030 035 0.40
Number of QCD or top particles Relative uncertainty per particle



