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MC Generator based on the papers:
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http://arxiv.org/abs/1001.3396
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. "g!" 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 HV'V 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
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
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JHUGen
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Processes supported: Framework allows:
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On-shell & off-shell production - Optimal observables
decay _ |2¥V'V 2 simulation/reweightin
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(@NLO) @ Other final states interfaced to PYTHIA
On-shell production [ Hff anomalous couplings ]
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In this talk...

From the new JHUGen framework manuscript:

- Anomalous H couplings in “Higgs” and “Warsaw” EFT bases
- Focus on Zy/yy anomalous contributions in H production and decay

- Phenomenological study of anomalous Hyy/HZy couplings in multiple
production and decay modes

- Projections @3 ab!
- NLO EW effects

arXiv:2109.13363

Constraining anomalous Higgs boson couplings to virtual photons

Jeffrey Davis,! Andrei V. Gritsan,! Lucas S. Mandacari Guerra,!
Savvas Kyriacou,! Jeffrey Roskes,! and Markus Schulze?
! Department of Physics and Astronomy, Johns Hopkins University, Baltimore, MD 21218, USA

?Institut fiir Physik, Humboldt-Universitit zu Berlin, D-12489 Berlin, Germany
(Dated: September 27, 2021)

We present a study of Higgs boson production in vector boson fusion and in association with a
vector boson and its decay to two vector bosons, with a focus on the treatment of virtual loops and
virtual photons. Our analysis is performed with the JHU generator framework. Comparisons are
made to several other frameworks, and the results are expressed in terms of an effective field theory.
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EFT and anomalous photon couplings

Most general HVV scat. amplitude parametrisation:

A(HVV) = - QYV S s K%ZV‘?%Q n K3 (Gv1 + sz)z
S R O (AY)

2 k% %
My €1 €Ev2

1 s (1) D ]','\']{,‘ H(1) 24(2) SM - tree level
2 Mo TV, MY
582 S S 53 S CP odd

enforcing SU(2)xU(1) we can translate amplt. couplings a to an EFT basis
enforce “custodial sym” we can translate “mass eign.” basis = Warsaw basis

We focus on Hyy/HZy couplings

112
957 = —2% (chw (Caw — Cup) + % (S‘i — Ci) CHWB) :

'UQ Pecomposition of Warsaw coupl.
9 = =25 (WCnp +5uCuw = sucuCrws). oo oo s b

, @2 | cbgglrzlzlr;)gs in paper Tables I-VI and
07 = =255 (sucw (Cyo = o) + 2 (52 = 2) CHWB>
'132

97" = =253 (WCx5 + 5uCyw = suuCyivp)
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Anomalous yy/Zy couplings

Decompose SM + Warsaw a.c.

production and decay
processes to individual
anomalous contributions
(ZZWW,yv,Zy,)

Comparison to SMEFTsim

(agreement taking into account

sign conventions)

A.C. Zy/yy couplings

enhanced in low m2 for decay,

low g2in VBF and low mll-in %%

VH
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FH modification from A.C.

Zoz(i)a-a
ke YIYk

o(i — H — [) x

IRy, SN
Fknown - Ftot X Z F%l\é{ X F?M - Z Ff" Rf,"
o f Teet

&

?V. w JH w
R,, = LG(')OBQ( ! ) 0‘69064( !
2 2

+0.07404 17 + 0.00002 57 — 0.00186 k¢ ki

+0.03841 (N, Q2 1g)? + 0.10666 5, (N. Q% rig) — 0.00136 1y, (N Q2 i)
+0.20533 &7 + 0.00006 77 — 0.00300 & ¢fe

+0.10252 (N, Q? i) + 0.20018 i, (N, Q? ki) — 0.00202 iy (N Q7 fig) -
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Total cross-section for Higgs on-shell
depended on Higgs total width

Study and parameterize the width
modification from yy/Zy a.c. + others

)(\ Q% ko)

All the new Rf functions in paper

channel (f) I”S'M/I"tot = B?M I“f/I“JSfM = R¢(8))
H — bb 0.5824 (xf + &3)
H— WtW- 0.2137 Ryw (%))
H— gg 0.08187 ng(g])
H— 1ttt 0.06272 (K2 + %2)
H — c¢ 0.02891 (k2 + kz)
H— ZZ/Zy* /v*y* 0.02619 RZZ/Z7 Jorey (87)
H — vy 0.002270 R, (&)
H— Zy 0.001533 Rz, (8})
H— ptyu- 0.0002176 (k% + &%)
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Pheno study of Hyy/HZy in H= 4l

How?
—> virtual photons in production and decay

* Previous studies of sensitivity in H—=>4| and
H—Zvy/yy?2! decay and experimental
measurements exist

e Study production sensitivity

* |[nvestigate sensitivity in YH,H— 4l associated
production

e Combine from onshell photon measurements

References:

[1] arXiv:1411.3441
[2] arXiv:1902.00134
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Setting constraints

Construct and calibrate dedicated MELA discriminants:

Pag () Zy VY pLo
D, (Q) = 8 ,
ot (1) Paig () + Py (Q) DQQ ’ DQQ’ D94 ?
A Z
Pt (Q i Bl 3
Dy () = () , Dint’ Dint’ DC’P’
2 /Pug (Q) Py (Q)
Use both decay or and information
Fix ZZ/WW/A1/A\1Zy a.c. couplings, profile yy/Zy
Apply [m,|>12 GeV, pt,.,, > 5GeV

Categorize events in 6 categories x 3 decay channels (4e, 41, 2e2)

As in previous JHUGen pheno papers: Coupling Fraction H — 2¢2u VBF  ZH/~+"H
2 (f) gn f gn Cr'glilj.l / 11 (_1"5;?}1 / x11 (_1"5;?}1 / x11
B gnOnn . (9n g7 7 355.1  65.04  2.330
gn — 5 {1} "= L ¢ g2 Fiu 4385 2489  50.51
Z B¢ g 91 2 92 - ) i
3570 g] i 348.0 6428  1.790
o A 356.7 2344 3250
We expect decay information to S S j: 4z0)1:,.3 ””””””” 11274HE;4 """"
dominate sensitivity based on cross- __ o g4 o : o ?

section ratios for yy/Zy

Savvas Kyriacou (JHU) HIGGS 2021 9
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fai scans for Zy/vy

R B AN N DA
#=3(0.3)ab* |
—— production and decay
—— production

3(0.3)ab™

—— production and cTiiay
—— production

> Decay dominates scans

— > No “prod valley” feature as in

et

Qbbb b N L 0 (A A A A Ol b I - I R RS R HZZCOupIings
-1-08-06-04-02 002 0 002 02040608 1 -1-08-06-04-02 002 0 002 02040608 1

f“{“{ f‘!“{
g2 94 .
> Asymmetries observed
=30 7= 3(0.3)ab" between neg. and pos. gi values.
(1(23)7 —— production — product_ion and decay ] .
Wi > HZy not as tight as Hyy
10% )
< R L L B Fr F !
ﬁm’ i

5 o + 4 5L
folsy[siae b el WU TR e Sl Bl e e et (015) R aaeh k5B | | JrP RS R et et e |
Sioae T SN e e L O I RS
o R : T T e e
-1-0.8-0.6-0.4-02 -0.02 fg 002 02040608 1 1 -08-06-04-02 -002 0 002 02040608 1
Y Zvy
g2 fg4
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Amplitude couplings scans : Prod vs Dec

Prod only:
N AL NN B o 5 S 20
O_OBEHC,LLwoo' . kM
[ Ho4l —68%CL N
0ol 95% CLLEEI M |

Tighter constraints in decay
Production constraints can be improved

- Consider combining all available
decay channels

- _jlz Tighter constraints for Hyy than HZy

| ! L L I
-0.06 -0.04 -0.02 0 0.02 0.04 0.06

g
Prod + Dec:

0.02

0.01 0.02
oy -~
?"D-?r 0 NU"N 0
-0.01 —0.02
-0.02 —0.04
-0.02 —0.01 0 0.01 0.02 —0.04 -0.02 0 0.02 0.04 —-0.02 -0.01 0 0.01 0.02
g’ gZY g
2

2
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vH production at the LHC - 210913365

Ly

08 92.4
i el
gz.4

__ Iy . Iy
Dﬁ_ — 9=,

Associated yH,(H—4l) sensitive to Hyy,HZy couplings.
Background greatly supressed by H— 4l + photon req.
SM ~0.1 events signal events expected at 3ab!

0.4

0.2~

P Y P I I PO i e == e S O
0 200 400 ©00 800 10001200 1400 1600 1800 2000

A.C. can enhance the yield well above the background and SM expectation my, [GeV]
No such measurement performed at the LHC up to now!

Perform simple counting experiment and constrain Hyy/HZy couplings
> Apply simple photon pt cut 400GeV to suppress background
> Constraints looser than H—>4l

0.2

0\|\|\|\|\\|‘|\|‘|\|‘|\|‘\|\|\|\‘\\\‘\\l

-1 -08-06-04-02 0 02 04 06 08 1
coseY™

20

0.15

0.1

0.05

-0.05

-0.1

-0.15

-0.15 -0.1 -0.05 1} 0.05 0.1 0. X X o} 0.05 0.1
i

g, g’
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Constraints from onshell photons

0.006

0.004

0.002

-0.002

-0.004

-0.008 -0.006 -0.004 -0.002 0 0.0C
g“/Y
2

2

1 2 2
Rzy = ; [(gzz"“SM +957) " + (o27) ]
Z~,SM
(92 )
1 SM 2
~ g’Y’?’: _|_g’}”7 _|_ g’Y’Y ]
"= T (s )+
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0.01

0.008

0.006

0.004

0.002

—0.002

—-0.004

—0.006

—-0.008
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20

" Rz, ~1.0040.24
R, ~ 1.00=£0.05

10 Constrain values from arxiv:1902.00134

-0.016-0.014-0.012 -0.01-0.008-0.006-0.004-0.002 0 0.002

gZ73M — 0.00675 g9 = 0.00423

HIGGS 2021

Parameterize Ryy - RZy with a.c.
Construct 2D likelihood scans

Tight constraints
Degenerate minima
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Combination:
YH/VBF/VH/H-4l + H-YyY/Zy

1 Inclusion of 4l :

e / AL 0.006

0.01
g O 0.004

0.005

6
4 0.002
2

0
-0.008  -0.006 -0.004 -0.002 0 0.002

-0.002
-0.005

-0.004

-0.01

-0.006

-0.01 -0.008 -0.006 -0.004 -0.002 0 0.002 -0.02 -0.015 -0.01 -0.005 0 0.005
2 g2

0
-0.016-0.014-0.012 -0.01-0.008-0.006-0.004-0.002 0  0.002

> 4] information resolves the degenerate minima in the ring for yy

> 4] information change 10 band thickness in the ring

Savvas Kyriacou (JHU) HIGGS 2021 14
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NLO EW effects arXiv:2109.13363

Quantify effect of NLO EW corrections:

- cross-section
- kinematic distributions

Test if effects can be modeled with anomalous couplings

Use PROPHECY!" and HAWK" to model NLO EW SM corrections
Compare to JHUGen anomalous couplings simulation

-Unified Ine processing framework used for all generators.
-Developed |Ihe writer subroutines for HAWK (that does not output Ihe format)
-Implemented recombination of FSR photons to the leptons

JHUGen LO a.c. to model “pseudo-EW” corrections - 2 approaches taken,
excluding and including the quadratic ac terms (linear / inclusive)

References:

[1]1 A.Bredenstein, A.Denner, S.Dittmaier and M.M.Weber,Precise predictions for the Higgs-boson decay H = WW/ZZ = 4 leptons,
Phys.Rev.D 74 (2006) 013004 [hep-ph/0604011]

2] A.Denner, S.Dittmaier, S.Kallweit and A.Mulck, HAWK 2.0: A Monte Carlo program for Higgs production in vector-boson fusion and Higgs
strahlung at hadron colliders,Comput.Phys.Commun. 195 (2015) 161-171 [arXiv:1412.5390]

Savvas Kyriacou (JHU) HIGGS 2021 15



https://arxiv.org/abs/2109.13363

EW NLO Effects in H= 2e2u

o Effect present for

events where
leading Z is
offshell

e Majority of the
events unaffected

e QuadraticAC.
terms enhanced
at low g2

Savvas Kyriacou (JHU)
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EW NLO Effects in Production

240 e
« Overall negative effect in VBF  220- VBF 80
production 200 —— HAWK NLO EW =
180 70
. -0 1 HAWK LO g
« Corrections show pt/energy TooE JHUGen 1O + M iinear | 0%
dependence 120 —— JHUGen LO + g 50—
100 0¥ 0 JHUGen LO 40?
« corrections Flat in terms of 801 30
angular dependecies o 20
. ] 10
e Pseudo-EW corrections are °E =
minuscule e 12
o L 1.1
ImMi i ® FOTESaTLENTT - = 1
« Similar effects in ZH = P 09
o oo eoc 0.8 ‘
(see back-up) 05066 50200 250" 506556 40h 450400 3

Incl. Cross-section NLO effects:

Pl [GeV]

EW NLO/LO (LO + ¢5™)/LO (LO + g5 linear)/LO

H — 4l +1-5% +2.0%
VBF =6.7% +0.2%
Z(— T)H 1 —6.4%; —1.2%

5.-_‘¢

Pseudo EW corrections fail to decribe correctly
NLO effects both in production and decay

Savvas Kyriacou (JHU)
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Summary

We study anomalous Hyy and HZy couplings using the JHUGen framework

- JHUGenLexicon allows for rotations between basis as demonstrated (Higgs—Warsaw)
- Comparison of EFT simulation in JHUGen Framework vs SMEFTsim

- Effects in production and decay for a number of processes studied

An EFT analysis is setup with dedicated JHUGen MELA discriminants in H—>4l
Sensitivity studies with projections for L =3 ab?

Decay only, Production only and Combined analyses

- Decay dominates scans vs Production
- Combination of multiple H decay channels can enhance sensitivity from production

- 4] measurements not as sensitive as in H=>yy H—=> Zy

First ever sensitivity of photon+H(H—4l) search is presented

4l information necessary for resolving CP nature of couplings

Study of SM NLO EW effects in decay and production

Savvas Kyriacou (JHU) HIGGS 2021 18
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J H UGenerator Framework allows:

— Detector level studies
- Optimal observables

Processes supported: — Robust simulation/reweighting
NEW!!! JHUGen now supports the tWH process

(see back-up for full list of supported processes)

On-shell & off-shell production

VBF
| WH WW, Z2Z, Zy*, y'y* — 4f
decay Z"I": ’f'*\"'_' 21.1!'
enwo) | qq— ZH E] " | Y
—* £ \‘ T
(99~ 2H_ —
(@nLo) | ttH Other final states interfaced to PYTHIA

On-shell production Hff anomalous couplings

bbH [ HVV anomalous couplings ]

[External generator] [Hﬂ &HVV anomalous cuuplings]

Savvas Kyriacou (JHU) HIGGS 2021 20
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Mass eigenstate basis to Warsaw
« SU(2)xU(1) + Am,, =0 = i

Zy _ _vv _ 88 _ VY _ 7T _ 88 _ .88 _ ZY% _ YV _
T v be* Ji=. 1
091" = ’&_(2(” +—("m1 B+( 2~ 3 Cup |,
U.,
o9
g . P 2e? c i 1 .
Ry T HWEB T o 52 'HD | s
11.\. Su.‘ _ugu’l
5
ZZ ) ha 2 9 1
gz - _EA—Z (SurCHB g o S C:‘H]-‘[-" + ‘SU:CHECJT{]-‘[-"B) i
2
.ﬁ:’\ o 2 E {C“ 0 \J ]. 2 2 (_1 )
B =" e SwCw \(CHW —UHB) + 5 5 ( o —C—u,) "HWB | »
02
gy = 2A2 (2. Crp + 52 Cuw — SwewCrwn)
o2
EE
g _2A_2("I-IC;';
2
fzz——QL—(qu‘ ~ 2(“ _|_5CC__.)
o = AZ VU HRB E HW wCwl i p)
2
gz-}.- = _QL 5. C (C s o h) i l (52 _Cz)c n
4 1.12 Sap Lo HW HEB 9 i w) Caywe |
.
Jd "3 ’\1_2 ‘w HB w— H H “wtw - gHwEe/)
2
A, ;. .
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Warsaw couplings decomposition

o H—4|

Ww 22

ZZ _ - 77 7 - ~ = —7~
o/osm 0g7° = 0g; K1 g3 gy g9 q r % '

7 W W W
91" g :

42 4 Ko Ky g2 g4
Cuo 0.004 1 0 0 0 0 0 0 0 0 0 0 0
Cup 0.017 1.078 0.068 0 0 0 0 0 0 0486 0 0 0
Caw  0.635 0 0 0.00117 0.685 0.238 0 0 0 0 0 0 0
Cuwp 0.781 0.007 0.001 0.00029 0.268 0.632 0 0 0 0018 0 0 0
Cun 2.215 0 0 0.00003 0.243 0.759 0 0 0 0 0 0 0
C-‘Hﬁ-_.; 0.579 0 0 0 0 0 0.00052 0.713 0.286 0 0 0 0
C-‘Hﬁ_.:g 0.749 0 0 0 0 0 0.00012 0.239 0.683 0 0 0 0
Cup 2.196 0 0 0 0 0 0.00001 0.194 0.720 0 0 0 0

For production modes see paper
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How to measure anomalous HVV/Hff
couplings: the H= 4l channel

single vertex

4-momenta of final states particles
» affected by H quantum numbers
and couplings

SM 0Oh+ O-

e 3D:_.... L I IS o o ...._: 30:_....|....|.... T ...._:

25F
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H- vy : can not measure CP + large background
H—= WW  : Not fully reconstructed final state
H— ZZ—- 4] : Sensitive Angular information + low background
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EW NLO corrections

Basic kinematic cuts on leptons and jets applied:
ZHI*l- :

min lept pt >5GeV

min ml*- > 0.1 GeV

VBF :
mJJ > 300 GeV

EW NLO/LO (LO + ¢5™)/LO (LO + g5 linear)/LO

H — 4( +1.5% +2.0% —0.6%
VBF —6.7% +0.2% +0.1%
Z(— (T4 )H —6.4% —1.2% —1.2%
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H— 2e2u corrections
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> Pseudo-EW modeling in ballpark of EW NLO effect but not sufficient to properly

describe the effect
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Effects on (Z—I+I-)H kinematics

45

4 VH,V— I'T 1.6

35 —— HAWK NLO EW 14
------- HAWK LO

3 JHUGen LO + iM linear | 12

—— JHUGen L0+g§M 1

N
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JH\‘\I\I TTTTTT1TT \‘H\l\HIlH\I‘HII‘I\I\
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1 0.4
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> SM EW NLO effect has a negative effect in VH production
> Pt dependence observed
> Pseudo-EW corrections tiny in production

> No strong angular dependencies
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Effects on (Z—I+I-)H kinematics
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> No strong angular dependencies
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SM NLO effects arXiv:2109.13363

Inclusive corrections:
EW NLO/LO (LO + ¢5™)/LO (LO + g5 linear)/LO

H — 4( +1.5% +2.0% —0.6%
VBF —6.7% +0.2% +0.1%
Z(— (T4 )H —6.4% —1.2% —1.2%

« EW NLO effect affect decay and production
differently with production being more sensitive

* Corrections indicate some pt,g? dependence

* A pseudo-EW modeling of the effect, with
anomalous couplings is not sufficient
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Amplitude couplings scans : Procduction
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@iscriminants and templates

e Construct discriminants using MELA
probabilities

* |nput to probabilities both decay and
production kinematics

Odec — {91’92’ (I)IQ*I(I).U My, 1M,, m4f-}

Qprod =
7:’si (Q)
D, (O 5 ,
§ ( ) Psig (Q) + Pt (Q)
Dmt (Q) _ Pil‘lt (Q) )

2 Psig (Q) 7jalt (Q)

HVV VBF2-jet category discriminants:

VBE-2jet DVEF - 0.5 EW - VBF+dec yVBF+tdec yVBF+dec yZ7,VBF+dec ~VBF .VBF
J Zet Dbkgvr DOh+ g D0— ! DAl ’ DAl ' Dint DCP
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