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JHUGen framework (for EFT)

MC Generator based on the papers:

JHUGen — generator
_ i i "Spin Determination of Single-Produced Resonances at Hadron Colliders"
M Matrlx Element Ilbrary Yanyan Gao, Andrei V. Gritsan, Zijin Guo, Kirill Melnikov, Markus Schulze, and Nhan V.Tran

JHUGenLeXicon . baS|S translatlon o http://arxiv.org/abs/1001.3396

"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,

W Kirill Melnikov, Markus Schulze, Nhan V. Tran, Andrew Whitbeck, and Yaofu Zhou

http://arxiv.org/abs/1309.4819

"Constraining anomalous Higgs boson couplings to the heavy flavor fermions using matrix
element techniques"

Andrei V. Gritsan, Raoul Rontsch, Markus Schulze, and Meng Xiao
http://arxiv.org/abs/1606.03107

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

httD S //SD In. D h a -! h u. ed u Andrei V. Gritsan, Jeffrey Roskes, Ulascan Sarica, Markus Schulze, Meng Xiao, and Yaofu Zhou
http://arxiv.org/abs/2002.09888
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JHUGen framework (for EFT)

e Support: detector-level studies see talks H.Roskes at Pheno-2020
optimal observables M.Xiao at ICHEP-2020

robust simulation / reweighting

3. Monte Carlo
simulation UGen

JHUGenLexicon

7. Example

1. Coupling 2. Matrix 4, Reweldiiin analysis

(EFT) basis elements

5. Optimal
observables

e CMS extensive use Runi-2

Physics
EFT in off-shell: arXiv:1901.00174 6. Statistical measurements
EFT in on-shell: CMS-HIG-19-009 framework
see talk: Nov.25,2019

e ATLAS in Run-1... S
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JHUGen Physics (EFT)

e Framework for studies of anomalous couplings / EFT of the Higgs
— name attached by our ATLAS colleagues in 2012, so we learned to live with it...

e Available processes:

0,1,2 jets

ggH

—

VBF

Q
—

WH

E

(@NLO) qqg— ZH

see talks M.Xiao at ICHEP-2020
H.Roskes at Pheno-2020

On-shell & off-shell production

| X WW, ZZ, Zy*, y*y* — 4f
— decay 2y, y'y— 2fy
H — | VY

99— ZH |

(@NLO)

ttH

bbH

(External generator)
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(POWHEG, MINLO, aMC@NLO,...)

1T

Other final states interfaced to PYTHIA

On-shell production Hff anomalous couplings

[ HVV anomalous couplings ]

(Hff &HVV anomalous couplings]
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JHUGen Physics (EFT)

e Framework for studies of anomalous couplings / EFT of the Higgs
— name attached by our ATLAS colleagues in 2012, so we learned to live with it...

° Avallable processes:

s

' _ '
: aoH focus on off-shell today :
: — On-shell & off-shell production ZZ, WW—4f final states :
i VBF i
[ e/ |-r ----- A N\ |
WH X L WW, 22,2y, vyt 4f
! 1 — decay 2y, y'y— 21y :
@NLo)' | qq— ZH | H | = — | vy d
D g e - *HJ"\XNK:-L---------------:--"
/ Z'/G .
(@NLo) | ttH : Other final states interfaced to PYTHIA
On-shell production ; Hff anomalous couplings
bbH broad high-mass resonances [ HVV anomalous couplings |
(External generator) : (Hff &HVV anomalous coupllngs]

(POWHEG, MiNLO, aMC@NLO,...) !
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JHUGen Physics with off-shell Higgs

e Coherent framework to treat four effects in “off-shell”

— EW (VBF+VH) and ggH processes (1) width I'n modification

— H* + X + continuum + interference ," (2) new resonance(s) X

— EFT with H* (X) in production and decay ;) _ .
.+ (3) EFT in H/ X couplings

’

do/dm,, [fb/GeV]

’ ’ 1
. q ’ ]
| ] '
e Documented in YR4 of LHC HWG: . / : (4) anomalous VBS
]
. ’ ’ :
— topics span across WG1, WG2, WGS... [ / :
> ) :
' I T T | T T T T T T | T T T ©
1 B 1~
10T~~~ T~ 1 N B DS B = . 1 [ ]f.e=t [ ] H(125)+bkg+l &
= — X(450), T=46.8 GeV 3 2 V'E — RS
= tﬂng@ﬂg (Taee\r}+HNNLO H(125), 1=0.0041 GeV - § F [ ] fe=t ... bkg gg—2f2t' 1%
1 &= gg—-otot —— bkg gg—262L ER — 10" [ 1= LHC, 13 Tev gg—>2£2(' ik
= X(450)+H(125)+| 32 > MCFM+JHUGen+HNNLO E%
- X(450)+bkg+! 38 () € 1T
107 - ——— X(450)+H(125)+bkg+l <z O 19
1| 43 L 107 E
2 L B T E *___ _; 3 =
107 T = £ .
— =n ] o 10
10° §_ y —% .8
— B 10k
10* & R
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100 200 300 400 500 600 700 800 200 400 600 800
m,,[GeV] m,, [GeV]
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Some Background Information

® First off-shell H* simulation used on LHC: (arXiv:1405.3459)

CMS 19.7fb" (8 TeV) + 5.1 fb™ (7 TeV)

e Complemented by MCFM.:

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

— ggH: (arXiv:1311.3589) e,
_ EW: (arXiv:1502.02990) 507 066
e Target of JHUGen: ‘25 o
ROF e v
— EFT modeling in “signal” (since ~2009) &«

— complement MCFM with EFT in off-shell [

E
200 300 400 500 600 700 800

m,, (GeV)
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Higher-order effects

e McFM off-shell is a LO simulation, so iS JHUGen+MCFM

(1) apply k factor as a function of My

— ggH ~ known at NLO for H* (sig), bkg, interference
— NNLO for H* (sig) (e.g. MCFM+HNNLO for illustration of ggH)

(2) matching of parton shower with Pythia is important

— effect in EW production is less important
2 leading jets come from matrix element, effect in 3rd jet...
— effect in ggH production off-shell is more critical

2jet correlation is not modeled for CP in ggH off-shell (!)
pr or n;y,... tuning required

solution in experiment: tune jets with HJJ-MiNLO+JHUGen
Or POWHEG+JHUGen

pp — X( — 4f) + jet(s)
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Higher-order effects (part I

e Approximate: same QCD effect for SM & BSM sig, bkg, interference

apply k factor matching of parton shower
3'I""I""I""I'"'I""I""I""59 T T T T T T L L trrr
| “1::%::"““’ ::; ] on-shell example
2 I 0.1+ arxXiv:1309.4819 -
09 § gH JHUGen+Pythia:
s ) ' |  POWHEGH+Pythia -
é SRR 0.05
o
R T e o R T TR
[GeV] p, [GeV]
tune jet observables
une ggH+jets e.g. POWHEG re-weight POWHEG with MELA
on-shell not an issue approx.: LO ME applied to NLO gen

EW ofi-shell not a big issue ) model ggH*+iets for signal only.

pp — H*( — VV — 4f) + jet(s)
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Note on jet correlations (for EFT)

e Plan to perform comparison (a,b,c) and other programs...
e Test (C): pp — H*( — VV > 4f) +j€t(S) e |
/thfz—Tf@bf Kf+ikgys) v h,

— tested MadGraph process for comparison

0.018f H oo E
have not succeeded with full off-shell generation oot~ JHUGen | | ¢, -

_ 0.014f R -
interested to learn... Soraf L

0.01E E

discovered sign difference in connecting 0.008;
CP-odd and CP-even couplings on-shell >

0.004f
0.002F

R,y = 1.1068 k7 + 0.0082 K} — 0.1150 k¢rp + 2.5717 &7 + 0.0091 &7 — 0.1982 &4y,

E Illlllll“illllllll
+1.0298 k3 — 1.2095 kgry — 0.1109 kg + 2.3170 72 + 4.8821 gy — 0.1880 Rghy 017080604020

II|III|III|III n
H0.2 040608 1

"“ Dgg
The kg and kg couplings are connected to the g59 and g7? point-like interactions introduced in Eq. (1) S cP
arXiv:2002.09888 9 ko (6). gl =t e () effect in observable
. y ’. ---------- '“’. - - -
RO AREPPTTLLLL dIStrIbutlonS

JHUGen consistent with hep-ph/9701277, arXiv:1511.05584

e important to sort out for both off-shell and on-shell...
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EFT modeling of production in ggH

® H(125) Ryy = 1.1068 k7 + 0.0082 k7 — 0.1150 k¢rp + 2.5717 &2 4+ 0.0091 &7 — 0.1982 & iy
+1.0298 k3 — 1.2095 kg ke — 0.1109 kg kp + 2.3170 i3, + 4.8821 Rk — 0.1880 RgRy

The kg and kg couplings are connected to the ¢g57 and ¢7’ point-like interactions introduced in Eq. (1)

Lhs = —%ﬁf (kf +ikpys) s h, g5’ = —askq/(6m), g1’ = —askq/(4)
e EFT effect in production: may disentangle point-like interaction...

CP-odd signal CP-even signal sig.+bkg.+interf.
Kb’ KQ (NSM) Kb’ KQ

do/dm,, [fb/20 GeV]

T | T T T T T | T T T | T T
\:l Ky |:I H E 1 [ 1% [_]H+bkg+l -
KQ é % 10—1
1 O
E
= 3 = 3 O
- . B 1 « 1072
B ~
3 = @)
C C o
3 = - | ¥ 10
- : = S
C . C @) A
= E = O 107°E
= || LHC, 13 Tev ] || LHC, 13 Tev =~ LHC, 13 TeV
10_8 E JHUGen+MCFM+HNNLO 10_8 E JHUGen+MCFM+HNNLO L JHUGen+MCFM+HNNLO
I I | I I I | I I I I I | I | I I I | I I I | I I I 10_5 E | \ | \ | | | | | | | | | . 3
200 400 600 800 200 400 600 800 200 400 600
m,, [GeV] m,,[GeV] m,,[GeV]
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EFT modeling of decay H—VV in ggH

e Sig.+bkg.+interference in gg — (H*) - VV — 4f

T | T T | T T
1 [ 19# [[JH+bkg+ =

_ %gi . ..ibkg
K
% 10k 1 gg—4L
Q)
o
N 2™
0 - A
b B |
P+ o
c 10°E o
e 4-match o on-shell
10°
- LHC, 13 TeV
L JHUGen+MCFM+HNNLO
10°C, 1

200 400
m,, [GeV]

600

1

A(HV1V2) — ;

¢ JHUGenLexicon
interface to relate to either Higgs or Warsaw bases

similar to Rosetta, but integrated into the framework

Andrei Gritsan, JHU
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e use mass eigenstate basis (Z*, y*)

— off-shell effect interplay of
H—=ZZ* (or WW?*) vs H*—=ZZ (or WW)

— off-shell effect does not work with H—Vy”*
— mixing H—=2y*, y*vy*, ZZ* leads to
x2 more “flat” parameters, more coding

VvV 2 4  VV 2 1 4% 2
K + K K + 2q1 -
{ M‘2/1 <gvv LA 2 @ Fs (91 + q2) it Q2gé/v><€1 &)

: (AYV)? (agv)” M

_29;/‘/ (e1-q2)(e2-q1) — QQXV Ceieaqn Q2} ;
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JHUGenLexicon for EFT

e JHUGen “basis” does not have to be SMEFT, could be HEFT
e interface to the Higgs basis, with or without SU(2) X U(1)

......... '
--------- . .

ot s MR G MR e M el
R I I ..+ offshell
o I 29 '—'"—"g;g'g';: ...... ;39'9";'1"92'2';;59", oqH
e interface to Warsaw basis » additional symmetries
9" = _21_22 (300 + chtvany + sucuttopy ). — “custodial” symmetry gIZZ = gIW W
91’ = —21—2 (R wys + 850400 = SuCotypiv ) motivated by My,
77 = 25 (sweulivgs —w,5) + 35— Al ).
e JHUGenLexicon with JHUGen and standalone
Andrei Gritsan, JHU 13
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EFT modeling of VV—=H—VV in EW production
® S|g +bkg +|nterference in gg — (H*) - VV = 4f

1

—
Q

do/dm,, [fb/20 GeV]

e cut off q2 growth:

|:]gzz |:| H+bkg+|

gz .. ‘bkg

I

gg—4

CP- odd

" match o on-shell

S LHC, 13 TeV .
[ JHUGen+MCFM+HNNLO
- | | ] ] ] | | | | | A . . =
200 400 600 . 800
m,, [GeV]
‘.
‘.
A\
‘.

e inqgqVV — (qqgH*) — qqVV — 6f
including (VH*) - VVV — 6f

(A%/l,i + ‘q\2/1 |)(A%/2,i

Andrei Gritsan, JHU
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)(A%{,z + |(QV1 + QV2)2D

: LA A

- [ 197 [] H+bkg+l ]

1025— zz i bkg =
 CP-odd 2% -

T 1 EW 44+2j ?_

> =l i

() - [ ]

Q g - T

0 _Fg‘ | :
_\')10_15: 3
S -

5 102} A -
= L

© - 1 =

4 LHC, 13 TeV T ! :

1 ?’ JHUGen+MCFM : E

e B ]
. e’ 500 1000 1500 | 2000

m,, [GeV] -
double-enhancement
2 2
Vl,iAVQ,iAH,’i
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Off-shell H* should enter EFT Higgs fits!

O L D N )

see talk: July 1,2020
mn Ay ly .
SIS /APP not in off-shell
/ e, L e,
I Y (), T,
I H ™, Ff alm Cm .+. 1_ﬂan151ble T 1_‘undetected ’
LTI U aeeens S

match fullsim
BSM to data

orthogonal Proof of principle , 2
selection

CMS arXiv:1901.00174 =

0

f 3 COS(d,,)

002

on-shell
applies to oo N E :
H — WW, ZZ only! RN

— .+ 2 Hyycouplings :
Fu e 2 HZy couplings E
- ﬁ -------------------------- .
: 3+1 HZ7Z coupllngs
' off-shell
(1) ¥ highly suppressed in off-shell”

gg — LLIZy*y*y* — 4f

match fullsim

BSM to data
mass basis (LO EFT)
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MELA: Re-weighting and Optimal observables for EFT

e Optimal and fully correct analysis to be done at detector level
full detector simulation is expensive, re-use events for EFT

MELA: re-weighting of any JHUGen production and/or decay at LO
extensively used for EFT on LHC hep-ex since 2012

MELA: optimal observables for most Higgs processes, since discovery
provides guidance for Machine Learning approach

see talk: July 1,2020

i SRR RAAAY ALY AAAMY AAAM LA AR RASAILARES s :
0.06F VV o H . 0-35¢ - E
- - = : 73 (Q) 0.3F VV—->H 7?/BF_
0.05F | Dint(Q) = tnt : My
0.04f | : 2\/7Dsig(ﬂ) X Pa1t (£2) 0-25¢
C ,l 0.2F
003: : . _4' . 155_
= = Quemmmm e === A9
- T aemmm=s=====a > -
0'02: PR - 0.1F
L V4 N
0.01F ] ' .05
A - D 113(9) — PSi%(Q) ° - .
ol b b b b b b b 1 ] —
0108060402 0 02040608 1 ? Pig (2) + Pare (€2) %00.10.2 0.3 0.4 0,5 0.6 0.7 0.8 0.9 L
Dgs Dy
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Connection to EW in VBS in JHUGen

e Higgs SMEFT analyses to be done with EFT effects in “background”

e Example of quartic-gauge couplings / VBS:

p2  armeeeees
Loge = (WA W, A, —WIWAA)+ 252 —— (14262 ngl 2(W+W;W;W WIW-—WiIw,)
2 e ¥....
+ P14 2091 J(WE 2, W 2, — Wi W, 2,2,) =0 in SM
1 —w(1+5glz}(W+Z W, A, +WIAW,Z, -2W W Z,A,) +

lllllllllll

........... 2 \ ¢, Co
ZIVW _ Cu (g7 1) CP-even HVV couplings
T e ‘ Trea
D e A, & PPN 4 2 : 77
dy = d3 =1- 2 v 2 <g;7_92zz) - S_MQQZW_ QMZ > ’22
Co, — 8%, WL FOLLY el 2(cf Sw)(/\1)2 L
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do/dm,, [fb/GeV]
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Connection to EW / top in SMEFT

e Effect of Higgs - EW coupling relationship in EW offshell:

= o267

=0.1 (H)
[ 197%=2, g%2=0.1 (H+bkg+l)

LHC, 13 TeV
1 JHUGen+MCFM
I

EW 44+2]

500

I1 OOOI -
m,, [GeV]

1500

2000

do/dm,, [fb/GeV]

—
Q
N

—_
S
a

[T T T T | T T T T
ZZ__ _
= |:|g1 =2, K1ZZ—-

10 (H)

- [ ]97%=2, K¥=10 (H+bkg+l)

| T T T ]
EW 44+2j _g

LHC, 13 TeV

l JHUGen+MCFM

500

1000

1500 2000

m,, [GeV]

e Related: V¢t coupling in ggH within MCFM framework

see talk by Oscar Eboli: Sep.24,2020
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Interference with a second resonance X

e Broad X with JHUGen+MCFM

— H* + X + continuum + interference

— full “EFT” treatment of X&H"

e Broad X with POWHEG+JHUGen
— account for X—»ZZ WW effects

0.4
0.35

o
w

0.25

O
(S

0.15

do/dm 4 [fb/GeV]

0.05
0
-0.05

— for application on LHC, see e.g. arXiv:1804.01939

x107°

EW production

LHC, 13 TeV

JHUGen+MCFM _ X(1000),I'=100 GeV

H(125), I'=0.004 GeV
bkg EW 4¢+2j
— X(1000)+H(125)+bkg+

X-H interference
--- X-bkg interference

200 400 600

P R e e b by
800 1000 1200 1400 1600 1800 2000 2200
my, [GeV]

0.004
0.0035
0.003
0.0025
0.002
0.0015
0.001
0.0005
0
-0.0005
-0.001

do/dm g, [fb/GeV]

0.004
0.0035
0.003
0.0025
0.002
0.0015
0.001
0.0005

do/dm g, [fb/GeV]

-0.0005
-0.001

— X(450),I'=47 GeV
H(125), I'=0.004 GeV
bkg gg — 4¢

— X(450)+H(125)+bkg+I

X-H interference
---X-bkg interference

= LHC, 13 TeV

= JHUGen+MCFM

—f 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1

300 400 500 600 700 800
m,, [GeV]

ggH production

—X(450),I'=47 GeV, f92=1
H(125),I'=0.004 GeV
bkg gg — 4

— X(450)+H(125)+bkg+l

— X(450)+H(125)+bkg+l, point-like

X-H interference
---X-bkg interference

S i panae = T

= e LHC, 13 TeV

= ' JHUGen+MCFM

—f 1 1 I 1 1 I 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1

300 400 500 600 700 800
my, [GeV]
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Summary on JHUGen framework (for EFT)

® Coherent framework for studies of EFT with on+off-shell Higgs

— full simulation of all H*+bkg+| production and decay processes
— re-weighting to increase statistics and cover all EFT models

— observables to be optimal to full kinematics 7 tmnae
ol CMS Supplementary | B
— fitting tools to pull it all together | S i
15} (E));Sec\t/ecé (zr:;rf“”)) |
- — Observed (only on-shell
o . 1 _ * - £ , --- Expected (only on-shell)
Goal: introduce off-shell H* into EFT fits < b\ 190100174
® Focus on experimental aspects e N\
— target detector-level studies )
— in experiment limited in statistics and practical application :
— JHUGen / MELA were designed to address both

-----

— experience in practical EFT application to off-shell in hep-ex
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