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Introduction: the idea of M.E.M.

® When we know what we do, M.E.M. Is the best tool

— explore full information
— guarantee optimal performance

— some will disagree, but see last bullet below

e Machine Learning (M.L.): could consider a part of M.E.M.

— same idea
— based on the same matrix elements in simulation
— some will disagree, but no distinction for this talk

® The problem is that we do not always know what we do

— detector effects may be hard to incorporate
— target of the measurement may not be unique
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Credits to MELA colleagues

e M.E.M. is a diverse and extensive method

— this talk is based on our experience with MELA version
— used in the H discovery and characterization since then

MC Generator based on the papers:

MELA — Matrix Element library

"Spin Determination of Single-Produced Resonances at Hadron Colliders"

— Yanyan Gao, Andrei V. Gritsan, Zijin Guo, Kirill Melnikov, Markus Schulze, and Nhan V.Tran

J H UGen generator http://arxiv.org/abs/1001.3396
JHUGenLexicon — basis translation ... "On the Spin and Parity of a Single-Produced Resonance at the LHC"
Sara Bolognesi, Yanyan Gao, Andrei V. Gritsan, Kirill Melnikov, Markus Schulze, Nhan V. Tran, and Andrew Whitbeck

http://arxiv.org/abs/1208.4018

"Constraining anomalous HVV interactions at proton and lepton colliders"
Ian Anderson, Sara Bolognesi, Fabrizio Caola, Yanyan Gao, Andrei V. Gritsan, Christopher B. Martin,
Kirill Melnikov, Markus Schulze, Nhan V. Tran, Andrew Whitbeck, and Yaofu Zhou

‘ p ‘ p http://arxiv.org/abs/1309.4819
"Constraining anomalous Higgs boson couplings to the heavy flavor fermions using matrix element

‘}t!;& ‘5& techniques”
Andrei V. Gritsan, Raoul Rontsch, Markus Schulze, and Meng Xiao
V http://arxiv.org/abs/1606.03107

G

"New features in the JHU generator framework: constraining Higgs boson properties from on-shell and
off-shell production”

Andrei V. Gritsan, Jeffrey Roskes, Ulascan Sarica, Markus Schulze, Meng Xiao, and Yaofu Zhou
http://arxiv.org/abs/2002.09888

"Probing the CP structure of the top quark Yukawa coupling: Loop sensitivity vs. on-shell sensitivity"

httDS ://S DI n N D h a . I h U . ed U Till Martini, Ren-Qi Pan, Markus Schulze, and Meng Xiao
’ ’ ’ i https://arxiv.org/abs/2104 04277
Theory + Experl ment collaboration "Constraining anomalous Higgs boson couplings to virtual photons"
Jeffrey Davis, Andrei V. Gritsan, Lucas S. Mandacaru Guerra, Savvas Kyriacou, Jeffrey Roskes, and Markus Schulze

https://arxiv.org/abs/2109.13363

contacts: Jeffrey Davis ,Jeffrey (Heshy) Roskes,Ulascan Sarica,Markus Schulze
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ldea of MEM: explore full information

e In H decay:
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ldea of MEM: explore full information

e In H decay:

arXiv:1001.3396

M ELA arXiv:1208.4018

Fo(6%) x [4 | Ago|? sin® 81 sin? 62 + 2| A4+ || A—_| sin® 6: sin? 6z cos(2® — §__ + ¢++)}

+ A (1 +2A¢, cosf + cos” 91) (1 +2Ay, cos b + cos” 92)

+lA__? (1 — 24y, cos b + cos’ 91> (1 — 24y, cos B + cos’ 92) spin=0& >1
+ 4| Aoo|| A4 +|(Ag, + cos i) sin b (Ay, 4 cosba)sinfy cos(P + ¢4+)

+ 4| Ago||A-—|(Af, — cosb)sinbi(Ay, — cosB)sinbscos(® — )

+F1(67) x {2|A+0|2(1 + 245, cosfy + cos” 01) sin® Bz + 2| Ay |* sin® 61 (1 — 24y, cos B2 + cos” )
+ 2| A_o|*(1 — 24y, cos b1 + cos” 1) sin® B2 + 2| Ao+ |* sin® 61 (1 + 24, cos fa + cos” )
+ 4] A4ol|Ao—|(Ay, + cosb)sinby(Ag, — cosfs)sin b cos(® + ¢o — do-—)
+ 4| Aot ||A—o|(Af, — cosb)sin by (Ay, + cosbs)sinba cos(P + por — ¢—0) spin > 1

—I—Fl‘l,_l(G*) X |:4|A+0||A0+|(Af1 4 cos61)sin 61 (Ay, + cosb)sin bz cos(2¥ — g0 + o)
+ 4|Ao—||A—o|(Af, — cosb)sinfi(Ay, — cosb)sinba cos(2V — do— + ¢—0)
+4] A o||A_o| sin® 6; sin® By cos(20 — & — ¢o + o) + 4| Ao_|| Ao | sin® 61 sin® B cos(2T 4+ ® — o + do)
+F3,(0%) x |:’A+_‘2(]. +2A¢, cosf + cos® 01)(1 — 24y, cos B + cos” 6)
+ A (1 — 24y, cos by + cos® 61)(1 + 24, cos 82 + cos” 02)} spin > 2

+F5_5(0%) x [2|A+,||A,+| sin” 0 sin” 0 cos (4% — ¢4 + q§,+)} + other 26 interference terms for spin

where = +®/2 and F(07)= Y fudi(0)d}u(0)
m=0,+1,4+2
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ldea of MEM: explore full information

e In H production:
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arXiv:1309.4819

arXiv:2002.09888
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ldea of MEM: explore full information

e In H production:
arXiv:1309.4819

arXiv:2002.09888
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Two approaches of M.E.M. (or M.L.)

(1) Analyze the full process in one go

— multi-D fit or equivalent
— best approach, but extremely challenging (e.g. in 13D)

(2) Compute dedicated observable(s)

— pack all information in few dedicated observable(s)
— reduce the number of observables (e.g. from ~13D)

(e) Re-use the rest of analysis tools in case of (2)

(a) build dedicated analysis with full simulation
(b) create SM-like differential / STXS distribution

— for pros and cons, see
WG2 talk on July 1, 2020
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https://indico.cern.ch/event/930131/contributions/3909836/attachments/2065846/3468363/LHCHiggs_dedicated.pdf

Two types of (2) Dedicated Observables

e From 1st principles: 2 Yiscriminants to isolate a given Operator:
arXiv:1309.4819
7Dsig(ﬂ)

arXiv:2002.09888 Dot () = Dint (£2)

0.350 _ . :
N s - 0.06
03:_ VV — H —foF=+O.5 _:
025__ _ 0.04f
0.1;— ] 0.022
ACP even T ACP odd 0.050 : 0.01f
7/7&WW 77&WW ok : s T N P P T ST =t
Cll 613 0 0.10203040506070809 1 1-0.8-06-04-02 0 0.2 0.4 0.6 0.8 1
D} DY
2 2 "
‘ACP even + ‘ACP odd ‘ +2Re { AcpevenAcp oad
. often . .
do not constrain suppressed in EFT —0 = kl_nemat!c
to SM rate distributions

discriminant against for amplitude analysis true CP-sensitive observation

background arXiv:1309.4819
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Dedicated Observables: MEM vs ML vs single

V*V*—=H (VBF | _ Pint (§2) _ Psig(S)
(VBF) Pl @ @ D S )+ Pa@)

single observable

challengingkinematics

Machine Learning — easier to 3 .
account for parton shower, reconstruction effects... * arXiv:2002.09888

931’[ — train 100 % state O aga|nst SN e, H
key aspect: provide complete input as to Matrix Element (e.g. 13D)
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Side comment about CP-odd interference

Rate of
H — ZZ]Zy*[y*y* — 4f

Slide adjusted after the talk:
thanks to Céline Degrande
for checking the cross-terms!

2Re <ACP evenAEX;p odd) =0
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Target of a dedicated observable

e Both strength and weakness of a dedicated observable:

Ding (), sz » Pint(£2)
target certain operator Operator --::::;:;:::::.‘“ 21/ Psig () X Pars(€2)
Dot () = — > Psig(£2)

e M.E.M. does not work when:

— we do not know which Operator(s) to target in advance
— target Operator(s) change(s) with time (reinterpretation)

— too many target Operators in a given process

e For M.E.M. essential:

— pick optimal basis of Operators
— isolate small set of Operators to target in each process
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Target of a MEM observable: HVV Operators

e Describe V.= W.,Z, v, g 4%
— e.g.in VBF _I:I__ Vi
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CP-odd

e Many parameters: 13 + 72 + 2 X N, params of HV'V + Hgg + Hff
+ other operators (if considered, may be constrained elsewhere)
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Target of a MEM observable: HVV Operators

e Describe V.=W.Z, 7, ¢ 4dv1

— e.g. in VBF H V,
1342 params of HVV + Hgg - VA
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Operators shown
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Target of a MEM observable: HVV Operators

e |3+ 2 paramsof HVV+Hgg qvi
— too many to target, e.g. in VBF B |:|_ B V)
> 20 dedicated observables? %, V>
% qdv
® Reduce with considerations:
(1) SU(2)xU(1) symmetry (SMEFT) reduceto & + 2

(2) “custodial” symmetry ( dc,, = oc, ) mostly relate H// vs HWW

(3) not all Operators are equal only 1 CP-odd operator
____ to target in

ZZ v 2 & : :

97 = =255 (5uCup + cuCyw + swcwCrivp) mass eigenstate basis
""""""" 2"""""'""""""""""""

ZW——QU<wa~C~+1 3,—3,0~) .

s gz e (G = Cup) 5 (0 = o) Civs much better constrained

2 1
91" = 255 (ACus + 52Cum — s0euCuipp). JUSEREEE from H — yy, Zy

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

arXiv:2109.13363  reduce to 4 + 2 params of HVV+Hgg
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More on HVV Operators

e mEEEEEEEE" 9 ST TTEEEEEEEEEEEEEOEEEEEEEEEEEE T Y
2 = 22 (sue oy~ Cug) + 5 (- 3) Cpp ) -
9a iz (oo (Coriv = Cup) + 3 (0 = ) Cus + much better constrained
2 1
g’ = —2% <C%UCH§+S?UCHW_SwaCHWB)’ ’:4- ------ frOm H —> }/}/, Z}/

e See talk by S.Kyriacou at the 18th Workshop of WG on Dec.1,2021
— at HL-LHC will start resolving constraints from H — yy, Zy

(1) VBF+VH production (3) yH production
(2) H — 4¢ decay (4) H — yy, Zy decay

—— production and decay
—— production

() PR AP B PPN B I‘w\'\w‘l ol b b by
-1-0.8-0.6-04-0.2 -0.02 O 002 02040608 1

-0.01 -0.008 -0.006 -0.004 -0.002 0 0.002

fou arXiv:2109.13363 g,
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https://indico.cern.ch/event/1018653/contributions/4624875/attachments/2357012/4022446/LHCWG_photons.pdf
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Example implementation on LHC: HVV

e Example of CMS arXiv:2104.12152 with dedicated observables:

Category Selection Observables x for fitting
4/ 4/
Boosted pr > 120GeV Dyygs pTg
: VBF 4
YBEiRE .. Plier > 07 Dikgr ..vvoveveeeeseessssseessseesesseses s gssssssssssssssssseees
: - * VBF EW: 1yVBF+dec TyVBF+dec yVBF+dec yZ7,VBF+dec NVBF 1yVBF %
EVBF_Z}et DZjet > 0.5 Dbkgf D0h+ eC, DO— eC’ DAl eC’ DAl / Dint ’ DCP
: .+ VH EW: ~nVH+dec ~HVH+dec .~VH+dec .4Z9,VH+dec /AVH ~VH :
a}/H—hadromc : Dzjet > 0.5 Dbkg-: Dy, N , D, , D3 , D'y q Dyt »Dep ;
------_ ----------- LELL . ’..4? ------------------------------------------------------------------------------- .
VH : .1.?}?:(.(.).11 ic  see Section 3 Dbkg']?.T. .......................... yprspasasssssssnasasasen, . M.E.M
Untagged none of the above Dy, ’E:D(()iﬁi , Dglec, Ddec pITAee pdec pdec .
137 b (13 TeV) 0
VBF & VH & H — 4¢ | o e Al
— el
Target Operators:  °f ——  SC==a&) = | e W
.... L mne | =
: lmN ::0 | g —1051
AT ’0 ...................................... _.: _8 (}l
1 CP-odd operator _os| i,
. 1] 2
4 Higgs — & Warsaw L. E| N
0. 0.1
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Example implementation on LHC: Hit & Hgg

e Example of CMS arXiv:2104.12152 with dedicated observables:

Category Selection Observables x for fitting

VBE-liet — Dyjg > 07 Dokg e, ‘ - T T g
VBERR T DI 05 Dy DYIDR DA

VH-hadronic DZjet > 0.5 Dy M.EM.

VH-leptonic  see Section 3 Dykg ...
: ttH-hadronic : see Section 3 Dbkgf; D(t)t_H M | L
: ttH-leptonic : see Section 3 Dbkgi’Dgt_H A

Untagged ™" none of the above Dy, "

CMS 137 b (18 TeV) . 10

CMS 137 b (13 TeV)

tH &ttH & ggH
Target Operators:

0.02

E
=
-2AIn L

- DD W~ O O N O ©

*
......

2 CP-odd operators

-0.02

- N W~ O O N 00 ©

o
o

-0.03 -0.02 -0.01 0 0.01
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Dedicated observable vs. measurement

® How to present results of a dedicated measurement?

from WG2 convener's report Dec.3,2021

Complexity of « Recommendations for common parametrisation & measurements
to maximise CPV new physics reach at the LHC
observables

— Cyws Cug Cw Coy C
‘admixture’ model  (kcosa +Rsina) <> [C,HWB G CfB] SMEFT
HW HG ~G “~tG “tH,

dedicated observables ' most precise
— matrix element E & least biased,
— machine learning T~ > but complex &
— special construction ': limited to the target
simple to present
generic & (re)interprete, complexity of
observables | Putless precise & N measurement
potentially biasead : .
slice of differential dedicated

data distribution measurement
(assume SM in other dimensions)  (full simulation of detector effects)
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https://indico.cern.ch/event/1018653/contributions/4626561/attachments/2358578/4025589/Presentation.pdf

Dedicated measurement

« Recommendations for common parametrisation & measurements
to maximise CPV new physics reach at the LHC

— Cyws Crg Cw Co €
‘admixture’ model (K cos a + K sin a) L e [CHWB CHB C’W C’IW ng} SMEFT
Hw CHe Co Cig G

® |n experiment we measure cross sections, e.g. with 2 operators:

— OCPodd & OCPeven (carry the sign as well)

— G0t/ Os\i & Ocp odd/ Ocpeven (Detter to report)

a2
0P odd/ OCPeven © Acp € Jop = SIN” Acp

e Measurement dedicated to NV + 1 operators in a given process:

— Ot/ O & Jo1 & Joo & fon

® [nterpretation of cross sections as couplings requires a “global fit”

(prod j) (dec)
prod _ yadec (Zil o ;07 ) \ Lnn X Ay
0P x x

Andrei Gritsan, JHU 20 December 15,2021



Summary

® Dedicated observables in a given process:

— use full kinematic information see backup:

— best approach if we know what we do — sync on CP tools

— need clear target Operators — CP at Snowmass

— optimize Operator basis

— prioritize Operators

— two types of dedicated observables for each Operator
— conceptually M.E.M. and M.L. equivalent

® Dedicated measurements in a given process:
— Imeasure cross sections, later interpret as couplings
— best result (unbiased & optimal) for the target Operators
— (a) complex (=difficult), (b) limited to the target Operators only
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BACKUP



Sync on tools

e See talk by J.Davis at the 3rd General Meeting of LHC EFT WG

likely out of sync

Andrei Gritsan, JHU 23 December 15,2021

— ATLAS and CMS need to sync on conventions in tools!

Summary of Conventions

We observe great agreement across all tools for many Higgs Processes
HOWEVER

Agreement requires precise understanding of underlying structure of tools
(1) ggH,yyH,yZH opposite sign (CP-odd) vs ttH in MadGraph

(2) €9123 = +1 in MadGraph, JHUGen, and Analytical

€%123 = +1 = €y1,3 = —1 in HAWK (sign switch in v3.0.1)
(3) D, =0, — 12—0‘W‘ i—B in MadGraph and Analytical

D, =9, —i—oc'Wi+i—B, in HAWK and JHUGen
2Sy 2Cw

(4) Using point-like couplings to approximate EWNLO effects
(5) Analytical calculation of point like couplings

----------------- ?---- ------------------------------—


https://indico.cern.ch/event/1076709/contributions/4596402/subcontributions/357246/attachments/2350554/4009165/EFTWG_Meeting.pdf

Sync on tools

(1) ggH,yyH,yZH opposite sign (CP-odd) vs ttH inMadGraph !
(2) €123 = +11n MadGraph' :’_"!l_J?_e_ly and Analytlcal-
0123 e S LR

€ = +1 = €p123 = —1 m-HAWK (sign switch in v3.0.1) E

‘--------r------------

. 1! L |
Exambles: CMsS: . . ATLAS: |
Xamp eS' oCMSPreIiminary 138fb’1(13T’ ll N — ' N
4 10T T T T T = [ ATLAS ]
= o v+ 4l U Z12F (s=13TeV, 36.1 b — Expected
(1) CP in S o e sign ) T sl e
' 7£__CMS-PAS-HIG-20- 0077 : - arX|V 2109.13808
H+jj -
gg ].] 5 1
gpesect N '
3;‘\ |
2 1
R :
O 0506-0402 0 0204 0506 1 '
1:ggH |
1
. CMS Preliminary 138 fb™! (13 TeV)
(2) CP In VBF 7_:' ! | Appr‘oachz,-rc+t‘ll ] * ; ; ATLAS arX|v 2002 05315
< 2r —— Observed E <
Al
|

(H — 17)

Ooseres ] . N 3: /s =13 TeV, 36.1 fo
L xpecte 1 -9 —e— Observed
20 CMS-PAS-HIG-20-007 SI9 3t

r —+ Expected (q =0,u=1)

F — Expected (d = 0, u = 0.73)
15

r Pre-fit expected (d =0, u = 1
o 5f p ( u=1)
10}
5 } 5%
0 L L L L L L L “’ L L L L L L
-0.002 -0.001 0 0.001 0.002
fa3
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-007/index.html
https://arxiv.org/abs/2002.05315
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Snowmass-2022 activities on CP with H

see Snowmass-2022 planning on CP

Future e e~ Higgs Factory

linear or circular, in Europe or Asia...
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https://arxiv.org/abs/1309.4819
https://indico.fnal.gov/event/49756/contributions/222371/attachments/146754/187594/talk_Snowmass-September2021.pdf

