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® Theoretical framework and analysis prospects
® Morphing method
® Example: vBF H—WW

® VBF vertex study



Introduction

@ Signal strength and kinematics depend on many parameters
@ Parameters do not factorize trivially into individual observables

@ Necessary to build a signal model taking all parameters into account
simultaneously & modelling all interference effects — Morphing

@ Use effective Lagrangian as an example, but can apply same techniques to
many other BSM model with large sets of parameters



Effective field theory framework implemented in Higgs Characterisation model

@ Effective Lagrangian for the interaction of scalar and pseudo-scalar states with vector bosons
1. - _ Used in Run1
£y :{CaKSM [EgHZZZHZ” + GHww W W ”}
Plan Run2
[caKtyyGryyAuv A" + SaKayyGayyAuv A |

[Ca K'HZyQHZ}/ZuvA“ + Sa KAZYQAZYZ/JVAu ]
[Ca KHgggHggG v G#HY 4 Sa, K‘Aggé,qgg Gﬁv éa,uv]
1

A [CakhzzZuvZ"" + SakazzZuvZ*Y]

—_

A [Ca K Wi, WHY + s kaww W, W_“V}

[
>\_~|\)\—k-M—-M—kl\>\—-M—k

Ca [KnayZvOu A" + Kugz2ZvuZHY + Kpgw (Wl 9y W™ “V-l—hc)]}

@ Implemented in MADGRAPH5_AMC@NLO
_ _ 1
@ N=1TeV,cosax = 7 fixed

@ Define full coupling parameter as gx (e.g. gaww = Sa Kaww /)
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Analyses overview and plans in ATLAS

Effective Langrangian analyses in Run 1

@ Only small subset of parameters considered
@ Influences of parameters in the matrix element studied in isolation
@ Cross-section (rate) and kinematics (shape) studied separately

@ Couplings measurement: arXiv:1507.04548
Spin & parity measurement: arxXxiv:1506.05669

Plans for Run2

@ Perform combined studies of many (all) parameters in the matrix element
@ Take all correlations between different operators into account
@ Use constraining power from rate & shape information

@ Combine results from different channels

— Challenge: large parameter space (e.g. VBF H—VV 13 free parameters)
— New method to construct predictions for signal cross section and distributions

Morphing



Comparison of methods

@ Needed: MC samples covering wide range of values for coupling parameters
@ Run 1 HWW and HZZ analyses: Matrix Element Reweighting
(Event by event matrix element reweighting of one source MC sample with large statistics)

|M(§target) |2

W(atarge!) = w(gi) m
u

ME Reweighting

For every configuration point @ only calculates linear sums of coefficients
@ rerun analysis @ all other inputs are pre-computed once
@ write event weights to disk @ computationally fast & convenient tool

@ additional interpolation

@ Morphing function: Instead of “matrix element reweighting” use morphing to obtain a
distribution with arbitrary coupling parameters
@ Can be applied directly and without change to
o Cross sections
o Distributions (before or after detector simulation)
@ MC events

@ Exact continuous analytical description of rates and shapes
@ Even possible to fit coupling parameters to data & derive limits



Signal model construction in Run 2: Morphing

@ Morphing function for an observable T,y at any coupling point @ta,get constructed from
weighted sum of input samples Tj, at fixed coupling points g;

Nmput

Tout(atarget) = Z Wi(@target?éi) : Tin(@i)

i=1

eg. T=Ag; \
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Example for 2 free parameters in one vertex

@ Process with two parameters applied in one vertex: gsy and gssm
@ Matrix element can be factorized:

M(gSM7gBSM) = 9smOsm + gesmOssm
IM(gsu» Gesm) | = gBulOsm? + Bl Ossu|® + 2gsmgesuR (O Ossu)

@ Distribution of a kinematic observable proportional to the matrix element squared

T(gsu, gasm) < | M(gsu, gasm) | J

@ 3 generated distributions needed to obtain distribution with arbitrary parameters
@ E.g. generate MC events for T(1,0), 7(0,1), T(1,1)

Tin(1,0) o< [Osu®

Tin(0,1) < | Ogsu|?

Tin(1,1) o |Osu|? + |Ogsm|? + 2R (0% Osswm)

@ Distribution with arbitrary parameters (gsw, 9ssm)

Tout(gsm» Gesm) = (gsu® — gsmgssm) Tin(1,0) + (gesm® — gsmgasm) Tin(0, 1) + gsugasm Tin(1,1)
N — N —— ———

=Wy =Wy =Wws3




Propagation of statistical uncertainties

Morphing function for a bin in distribution

T (Grarger) = Y, wi(Grarget: 91) T (1)
i
@ For one input distribution, the bin content is calculated as follows

Tbm(g/)_ MCm( i) O'/n(g/)-g/NMCm

@ The uncertainty on that bin is  /NJ& ; (3i)

The propagated statistical uncertainty is

AT = | [E WP Gaout BN (@) (98 L Mhoin ? J
I

Highly dependent on
o input parameters g;

o desired target parameters Z]za,get



Choice of input parameters

@ So far fixed parameters for input distributions: Tj,(1,0), Tin(0,1), Tin(1,1)
@ Aim to generalize morphing to have arbitrary g;
— Can be chosen to reduce statistical uncertainty

s 15
z L i
S
>
10A2 OB1 ®A3 B b
oB2 oB3 8 I 8
=z
3 | |
©
e
0.5+ — a
0 | | | | A=1 | |

0 02 04 06 08 1 12 14

Jsm Observable
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Example for 2 free parameters in one vertex: generalization of input parameter

@ Generalize to arbitrary input parameters g; used to generate input distributions Ti,(g;)

Tin(gswm.i> asm,i) o QSM,i2|OSM \2 + gBSM,i2|OBSM |2 +295m,i98sMm,iR (O Ossm),

@ Ansatz for output distribution

Tout(gsm, gssm) = (311QSM2 + a1ZQBSM2 + a139smTssm) Tin(9sm.1,Tasm,1)
wi

+ (@219su° + @2208su° + @239smTesm) Tin(Gsm.2, Gasm.2)
W

+ (a319sm? + a3208su’ + a33gsmJasm) Tin(gsm,3, 9ssm,3)

w3
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Example for 2 Operators in one vertex

@ Toyut should be equal to T, for Grarger = Gi

2 2
1 =a119sm,1° + a129ssm,1” + @139sm,198sMm,1

2 2
0= a219sm,1“ + @2298sm,1” + @239swm,19BsMm;1

@ Constraints in matrix form

ai
asq
ast

a2
ag?
ase

2 2 2
aia 9sm.1 9sm,2 9sm,3
2 2 2 -1
ass OBswm, 1 JBsm,2 OBsm,3 =
ass 9sm,198sm,1 9sm,29Bsm,2  9sm,39BsMm,3
& A-G=1

@ Definite solution A= G~ requires the samples to have parameters such that det(G) #0

@ Very flexible in choosing the parameters for the input distributions

— Can be chosen to reduce statistical uncertainty in considered parameter space
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General morphing and number of input distributions

@ More complicated when processes share parameters between production and decay,
for example VBF H — VV

@ General matrix element squared at LO & assuming narrow-width-approximation
(ignoring the effect on the total width)
= polynomials of 2nd order in production and 2nd order in decay

Np+ns 2 Ng+ns 2
T(g) =< IM(9)]* = ( )y giOi) ( Y g,-O,-)
i=1 j=1

production vertex decay vertex

with number of parameters in production vertex (n,), decay vertex (ny) and shared in vertices (ns)

@ Number of required input distributions equal to
number of different terms in expanded matrix element squared
— dependent on process and considered parameters
— Ninput function of np, ng and ns

@ Example: 13 free parameters for VBF H—ZZ process:

@ np = 4 parameters in production:  ghww, gaww, GHawr, GHawi
@ ns = 9 parameters in both vertices: gsw, Guzz, Gazz, GHozs GHyys Gayys GHzys Gazys Ghay
@ ng = 0, no parameters only in decay

1605 samples needed!
Reduction of considered operators favourable — see VBF study

Ll
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VBF H—-WW example

N 4
N 3
2N .
s
\HW H HWW,
N
/ «
’ N
’ N
vV N
s N
’ N

@ VBF H—WW process with SM (gsy) and 2 BSM operators (ghww: gaww)
— 15 samples with different parameters needed

@ 50k events generated for each sample

@ Only signal considered

@ Kinematic observable used: A¢;
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VBF H—WW example: Samples

@ Expect only small deviations from SM

— gsm = 1 for all input samples (A =1TeV, cosa = %)

— BSM parameter limits chosen such that Gpye sBsm ~ Osm
— all other BSM parameters set to 0
@ Scatter plot shows blue points in (gaww,9Hww) Space used to generate input samples

@ A validation sample is produced at the red cross for cross-check

— morphing can reproduce the distribution there
— fit can reproduce the parameters from the validation sample

[ input samples, x5 = V2 X validation samples | .
VBF:H — WW — Ivlv V5 =13 TeV, Kg,=V2, ¢, = 2 Koner=0, Kayw VS. Kpnuny
® ° MadGraph5_aMC@NLO imulation Preliminary
5 ° ><vll rsn=1.447 @
L] z
5
. >
8
. ° 3
= S
= [ £
€ 5
S
g
e &
s
@
5 ° o g
ATLAS Simulation Preliminary [ K
. 4 T 4 "

-4

2

0
KHWW
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VBF H—-WW example: Rel. uncertainty on number of expected events

@ Dependence of stat. uncertainty propagated in morphing function
on generated input parameter grid

@ Distribution of samples in parameter space reduces stat. uncertainty

VBFiH ~ WW — Ivlv {5 =13 TeV, kg, =V2,c, = 71; Kotner=0s K puw VS- Ky VBFiH ~ WW — Ivlv {5 =13 TeV, kg, =V2,c, = 71- Kotner=0s K puw VS- Ky
MadGraph5_aMC@NLO ATCAS Simulation Preliminary MadGraph5_aMC@NLO A 5 Simulation Preliminary

SOOI
XA
S
KSKHAHHD
O U,
S

2

2

s
7 %

22
%
74

cross section in arbitrary units
rel. uncertainty of morphing result
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VBF H—WW example: Input and validation distributions

@ 0.06 @ 0.06 T
5 [ ATLAS Simulation Preliminary ] E [ ATLAS Simulation Preliminary ]
E 0.05/— MadGraph5_aMC@NLO, VBF: H-WW M, (5=13TeV ~ —]| E 0.05F MadGraph5_aMC@NLO, VBF: H-WW_Nb, s=13Tev ~ —]
% E —/ chu:TlE,KAWW:JOZ,KW:rBlQ,KSM:E E g E —/ chu:v%,KAWW:lB’i%‘KHWW:rABEKSM:E E
= 0.040 —/ cosu:v—li.xmwzsiaKHWW:243.K5M:E 1 E 0.0aE ] COSu:v%-KAww:'alg-KwMZZAA‘KsM:E =
VA .y - = - - i -1 - - - B
E F —/ cosufvli, Kaow = 472, Ky = -1.39, Kgyy rﬁ ] E F [ cosa VE K = 780, Kypyny = -0.25, Ky ’FE ]
S C |:| £05 @ = 2 Ky = 2L, K = 467, Ky = V2 ! S 003 |:| £05 @ = 1 Ky = 2.3, Ky = 465, Ky = 12 E
g 0.03 €05 € =L, Ky = 497, Ky = -3.98, Ky, = 12 - o EEeL cos a=-L kg, =12 ]
g L G 18 E G :
8 = 1 8 o= 1
3 0.02F ——— = g 002F — — =
S [ = —_— G _= 1
0.01F ———— —— ___; 001} T ——=
- D r—— — — T B
PR B o T 1 ] P e S POy oo e s B
0 1 15 2 25 3 0
A A
q)Ji i
@ 0.05 7 @ 003
S 0.045 ATLAS Simulation Preliminary 5 r ATLAS Simulation Preliminary 1
> E MadGraph5_aMC@NLO, VBF: H-WW - b, |s =13 TeV > L MadGraph5_aMC@NLO, VBF: H-WW W, \s =13 TeV N
%’ 0.04; I— L ET A SRR XY E %50.025; [T —
S0035E [ ] cusuzriz, KAWWZVBSS,KNWW:231‘KSM:’; E 5 r ]
c E : €08 & = =&, Kyyny = 788, Koy = 0.39, Kgyy = V2 | c E -
£ = T Faww o s 3 £ r N
é 0'035 —/ COSﬂ:le,K,\WWZS,ZS‘KHWW:ESG.KSM:E E ‘§ 0'02,=I 1
9 0.025= chu:é, K = 458, K,y = -1.33, Kgyy = 12 — B L i
3 F = ] 7] = |=l=I 4
2 002 == ¢ 0.015— _ —
<] F—e = = <] L =
50,015 =—— = _ i 5 [ - =]
F— T T —— — r = b
0.01- —. - 0.0~ = —_ 7
E — E|
S B e L [l B P B B im0 3
1 15 2 25 3 0 0.5 1 15 2 25
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VBF H—WW example: Morphing and fit to SM input sample

@ Morphing and fit to SM input distribution (pseudo-data)
@ MC stat. uncertainty used | Kow  Kaww  Knww

@ Input and morphed distribution stat. dependent Kew | 1.00 015 -0.23

) ) Kaww | 0.15 1.00 0.36
o perfect agreement in morphing
o Post-fit parameters match exact nominal values Kaww | -0.23 0.36 1.00

@ Correlations at SM point in table

2) C
= [
;0'012 +FMadGraph5_aMC@NLO ATLAS Simulation Preliminary
E ool —+— maesma  VBFIHWW _Ivlv, Vs=13TeV
a v )
< —+— morphing Ky = 141421 + 0.00126 (nom.: 1.41421)
< EE Ky = 0.00000 + 0.11100 (nom.: 0.00000)
g0.00B — Ky = 0.00000 + 0.30195 (nom.: 0.00000)
g L
@ - -
©0.006 — o
2 r —
<) L - g
©0.004— =~ e
= B e e P
0.002}—
Covv v b v v b e b v e e b Ly

oO

|
05 1 15 2 25 3
ae
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VBF H—WW example: Morphing and fit to validation sample

@ Morphing and fit to validation distr. (pseudo-data)
@ Validation and morphed distribution stat. independent | Kow  Kiww  Kaww

o Agreement in morphing within MC stat. uncertainty Ksm 1.00 020  -0.95
o Fit results match nominal values within fit uncertainties ~ Knww | 0.20 1.00 0.09

Kaww | -0.95  0.09 1.00

@ Correlations vary at different parameter point

0 =
= F
; 0.03 MadGraph5_aMC@NLO ATLAS Simulation Preliminary
£ 095l —— muosa  VBFIH-WW - Ivlv, \s=13Tev
avuv.
@ morphing Kgy = 1.46482 + 0.01890 (nom.: 1.44720)
£ fit Ky = -2.47606 + 0.17699 (nom.: -2.74170)
c 0.02— Kaww = 5.03605 + 0.26935 (nom.: 5.27479)
8 e
° C
Q L ==
©0.015— ==
e S -
< E = =
o = = —
0.01— R e
| . k:g [ ==
0.005—
07\\\\\\\\\\\\\\\\\\\\\\\\\\\\\1\
0 0.5 1 1.5 2 2.5 3
A ([1

i
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Study of the VBF vertex

@ Many operators enter VBF
@ Goal: neglect operators without losing generality to minimize number of needed samples

a3 \.\\// o] .

@ Technical choice of H— uu decay: no crossover between production and decay
@ Full set of 13 VBF prod. op. leads to 91 samples to produce: still manageable

@ Generator level, signal only samples used with 30k events each
@ Setup fit to SM input sample

o Learn correlations between operators

o Explore sensitivity )

o uses observables: Agy, pff, mj, Anj

e Understand which operators have negligible influence on VBF
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Cross sections and shapes depending on VBF couplings

@ BSM coupling parameters chosen such that one-operator pure BSM samples
correspond to SM VBF cross section

o>
=

o 0.121 %) £ T T T T T ]
g ATLAS S\mu\anon Prehmmary ] g 0-14:’ ATLAS simulation Preliminary e
20 1; MadGraphs_aMC@NLO VBF Higgs producton at 5 = 13 Tev] 2 0.12F MadGrephs aMC@NLO VF Higgs producion at (5= 13 Tev
Ksm 1 E T pure SM 1 E T pure SM 1
= r XSy ) K >0 1 £ 01 MIX(K 0K ) K au>0 B
Kryy 203.22 2 0.08- MIX(K g K i) K a0 1 £ 008 XK gy ) K <O ]
c =] 1 g v E!
KAyy 408.62 = 0.06F == — = 00614]5‘3 4
K] [ ] S Tk ) ]
Khizy 109.13 Soost = ::;I"IE § 004, T E
Kazy ~ 986.88 P = I e ;
S 0.02 . | | i =M <] E \ ! = A
Khzz 5.75 ° 0 05 1 15 2 25 3 S 0 500 1000 1500 2000 250[0 3\9}00
@ m; [Ge!
K 6.96 ! !
AZZ 0 I T T T T T T 3 0 ™
K 336 s F ATLAS simulation Preliminary b S 0'16, ATLAS S\mu\anon Prehmlnary E
HWW .
E* MadGraphs_aMC@NLO VBF Higgs production at {5 = 13 TeVg I MadGraphs_aMC@NLO VBF Higgs production at {5 = 13 Tev]
S 1073 7 2014
0.14F ]
K; 3.92 = E pure SM E = E pure SM E|
AWW I S 0.12F 3
5 3l MX(K gy K ) K >0 1 £01z MX(K gy K ) K >0 ]
KHowR 0.76 = 10 3 MIX(K gy ) Ky <O 3 g o MIX(K gy ) Ky <O El
c L E| c E E
Know! 0.84 £ 104f 1 < 3-22;::. = s E
Kwoa - 1TT R TS ] Foe T =
Khoz 1.37 s F Tl Qo002 T =_ 1
o B4 2 et e
© 20 40 60 80 100120140160 180 \2/]00 © 0 1 2 3 4 5 6 7 8 9
e

pl,]l
@ Production of 91 samples (A = 1000GeV, cos & = 1/1/2, ksu = V/2)
o 1 pure SM sample
o 24 samples with SM + 1 BSM (£ Kaswm)
@ 66 samples with SM + 2 BSM (4 Kaswm)
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Combined distribution of four observables

0.08

ATLAS simulation Preliminary

£ OV RTIRS Srmsmpon priminy 0.07 ) " £ 014E ATLAS Sivgaon premnry |
R e MadGraph5_aMC@NLO VBF Higgs production at s = 13 TeV 0125 o 1370
5 g

g £ of — E
80 3 0.06] pure SM 2 o0k E
< ] . . <%

g :M, g e 0.05 m!X(KSMvKHWW):KHWW>8 g gﬂ:"’mﬁ: E
g e Lo . MIX(K spoK ppvyn) K < ook e E
8 0.02k = g

S 0.5 1 15 2 25 4

.
500 1000 1500 2000 2500 3
m, [Ge

0.04
0.03

a 0y

O T TT T T[T T [ TTTT [T 17T
[ I I I I I

o ®™
oo
o
L 80 L Do b b LS

cross-section in abitrary units

%10’2 ATLAS Smuion ratminary B o 2] E':l] £ 016 ATLAS Srmutason pretminary
% | MasGraps_sMcNLO vE Higs 05 13 Teg a AMCBNLO tags e 0 o 5 = 13 Tew
£ 002k gw °* g *° k
S 10 B - o -]
0.0~ @ =°& & °
f10 E = - = T e % =
5 ads e s it IR T i T 50 Covvnlowmm Lopn LSBT 28005 Lm0
[y
L Ob 10 20 30 40 50 60 70 80 il

Var“d(mii’A (in’A njj’pt,Jl)

Ag; [1][2][3]

P [ bin1 |[bin2][bin 3
mjj bin 1 bin 2| bin 3

Ay bint  [bin2]bin3]
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Fit result sensitivity on VBF couplings

parameter post-fit value + —
A 1000.
cos o 0.71
Khee 1.41
Kayy 0 +219 —441
Kaww 0 +3 —2.6
Kazy 0 +441 —398
Kazz 0 +2.7 —1.3
Ky 0 +236 —91
Khay 0 +0.3 —0.6
Kiowi 0 +1.6 -0
Kiuowr 0 +0.5 -0.3
Khoz 0 +1.2 —-0.5
Khww 0 +1.5 -3
Kizy 0 +38 —49
Khzz 0 +8 —-25
Ksm 1.41 +0.22 —0.11

Simultaneously to all parameters to SM distribution
Assuming 8% VBF cross section uncertainty

Fit uncertainties give information on sensitivity
Sensitvity on yy and Zy couplings small

Close to the SM, 4 couplings (Hyy, Ayy, HZy, AZy)
can be ignored for VBF without loss of generality

Other measurements will limit this operator to far
smaller values

To be tested that the yy and Zy operators don’t
influence any other VBF observable
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Fit result correlations of VBF couplings

Kayy Kaww Kazy Kpzz Kiyy Koy Kiowl  KHowr Knoz Kinww Kzy Kizz Ksm
Kayy 1.000 0.101  -0.093 0.045 0.113 -0.348 -0.046 0.132 -0.118 -0.167 0.058 0.062 -0.171
Kaww 0.101 1.000 0.306 -0.377 -0.355 -0.151  -0.573 0.747 0.143 -0.130
Kazy | -0.093  0.306 1.000 -0.089 0.170 -0.044 -0.056 0.106  0.008 -0.026 -0.092  -0.056
Kazz 0.045 -0.377 -0.089  1.000 0.165  0.415 -0.326  0.316  0.147 -0.449  0.093
Khyy 0.113 -0.355  0.170 1.000 -0.122 0.174 -0.457  -0.018 0.004
Koy | -0.348 -0.044 0.165 -0.122 1.000 -0.151 -0.380  0.369 -0.314  0.199
Kuow | -0.046 -0.151 -0.056  0.415 -0.151 1.000 0.090 -0.101 -0.156  -0.180 -0.002
Kuowr | 0.182  -0.578  0.106 0.174 -0.380 0.090 1.000 -0.944 -0.116 -0.331 0.019
Kugz | -0.118  0.747  0.008 -0.326 0.369 -0.101 -0.944 1.000 0.193 -0.191 0.081
Kaww | -0.167 -0.026  0.316  -0.457 -0.116  0.193 1.000 -0.136 -0.747 -0.065
Kiizy 0.058 0.143 0.147 -0.018 -0.156  -0.331 -0.136 1.000 -0.399
Khzz 0.062 -0.092 -0.449 -0.314  -0.180 -0.191  -0.747 -0.399 1.000 0.029
Ksm -0.171  -0.130 -0.056 0.093 0.004 0.199 -0.002 0.019 0.081 -0.065 0.029  1.000

@ Some large correlations present close to the standard model

@ Can likely neglect 1-2 more parameters after rotating into a parameter basis diagonal in this
correlation matrix by principle component analysis

@ E.g. anti-correlated component between x5z and Kqowr

@ Correlations may change away from SM
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Generality of the method

Morphing only requires that any differential cross section can be expressed as
polynomial in BSM couplings

Method can be used on any generator that allows one to vary input couplings

Works on generator and reco-level distributions

Independent of physics process

Works on distributions and cross sections
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@ Plan for Run2: Higgs coupling measurements

Combine rate and shape information within effective Lagrangian framework

@ New method for modelling BSM effects
e continuous

o analytical
o fast

First application: detailed and complete study of VBF production

Next steps
o Similar study of WH, ZH and H — VV

e First look into most complex cases of VBF, VH or H — VV

Pub note: ATL-PHYS-PUB-2015-047
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Number of input distributions

Ninput = WAW_‘_CM;Sﬂ)
+<n,,-n5+HS(HZ+1))-nd(n;+1)
+(nd-ns+ns(n;+1)>."p(”f;+1)
+W-np~nu+(np+nd) (3+r;s—1)

with number of parameters in production vertex (n,), decay vertex (ny) and shared in vertices (ns)
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cross-section in abitrary units

cross-section in abitrary units
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cross-section in abitrary units

cross-section in abitrary units
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