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The Higgs at the LHC

- Run I (2010 - 2013)
- Discovery of Higgs Boson (2012)

- Final piece of Standard Model (SM)
- Verified Higgs mechanism
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- Run II (2015 - 2018), Run III (2022 - 2026), and beyond (HL-LHC)
- Core LHC program: Precision electroweak (EW) measurements

- Higgs couplings to other particles and itself - |
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Precise Higgs measurements are crucial for understanding EW physics N . i [
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- Deviations from SM may indicate new physics
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- Better understanding of structure of Higgs potential and EWSB sy ont5ano




The Higgs at the LHC

- Current LHC program

- Direct (on-shell) measurements of Higgs production and sensitivity to couplings (k5 &y, --.)
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At HL-LHC limits same order of magnitude as present with ~20 times current data

— New ideas are needed to extend reach in phase-space and constrain systematics



https://cds.cern.ch/record/2928907/files/ATL-PHYS-PUB-2025-018.pdf
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.133.101801
https://arxiv.org/pdf/2407.13554

“Higgs without Higgs” Strategy™

- Study Higgs couplings via off-shell production
- Sensitivity to Higgs couplings via V;V;
- Goldstone Boson Equivalence Theorem (GBET)
- M(V;) = M(P) as E = 0

- We propose a novel strategy to measure On-shell + Off-shell
simultaneously, with same final state

- On-shell: Direct measurement of «;

- Off-shell: Additional sensitivity to k; from longitudinally
polarized vector boson production

Measuring Higgs couplings on- and off-shell simultaneously
allows direct constraints on new physics across a wide
energy range, reducing the need for extrapolation, and
capturing energy dependence induced by new phenomena
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https://arxiv.org/abs/1812.09299

Analysis Strategy

- Studying siz signal processes with similar final states in - Sensitivity to
both on- and off-shell regimes

- VBS + H, VBS, VBF (x2 for W=W*, ZZ)

- Higgs Self-Coupling: «,

- Higgs Couplings to Vector Bosons: «y, ky,
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https://arxiv.org/abs/2311.11011
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/7 + H + jj - Sig vs Background
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Events

W-+W- + H + jj - Sig vs Background
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Backgrounds studied: i
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Signal distributions overlayed:
- SM (inclusive polarization)
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Preselection

Applied to all events

S o=

Variable Cut
Dy > 15 GeV
7| < 2.9
p;‘-r > 20 GeV
;] <5
M > 250 GeV

[Anjj] > 2.5

VVH; VVij (HVV)jj
Sorting and selection
Requirement | W+W-Hjj ZZHjj W4+W-jj ZZjj (H—-W+W-)jj (H—ZZ)j;
PAIReD bb v v
105 < myp < 160 v v
> 2¢ OS v v v
> 4¢ OS v v v
Myyv > 150 GeV v v
Myv < 150 GeV v v
Ei.. . > 25 GeV Vv Vv Vv
Bl . <25 GeV v v v




VVHjj VVjj (HVV)j;

Preselection \/g % ><

Discriminate W+W- (27), Z7Z (4¢) Events

VVHjj
\ Requirement Wj/\{Hjj ZZHjj W+W-jj ZZjj (H—->W+W-)jj (H—ZZ)jj
Variable Cut T PAIReD bb / v v
7 > 15 GeV 105 < my, < 160|)/ v v
N < 2.9 > 20 OS v v v
pj > 20 GeV > 4¢ OS v v v
;] <5 Myyv > 150 GeV v v
m;; > 9250 GeV Myv < 150 GeV v v
|A77jj| > 2.5 E'%;_,Z-SS > 25 GeV \\/ v v
/ Bl . <25 GeV \ v v v
/
Further discriminate \
VBEF /VBS W W- /77 Discriminate on-shell Higgs from
topologies high-mass + off-shell Higgs
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77 + H + i

Shown:
- SM (inclusive polarization)
- K, , Ky , Kyy varlations

(inclusive polarization)

- Signals Normalized to 1

- XS in tb shown in legend

Overall we see that shape differences
between k; variations are preserved after
preselection

- Preselection is quite strict,
currently performing studies to
Increase acceptance

- Will rely more on BDT for S v B

After Preselection
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W+W- + H + jj - After Preselection
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Comments on BDT

- Four Backgrounds studied

Showing % of remaining signal events after preselection

_ Drell-Yan - Y-axis shows sample used, X-axis shows selection made
- leOSOIl Particle Level Selection Efficiencies os
- ttbar
W+ W-Hijj 0.00 0.19 0.00 0.04 0.00
- ttHbb
0.4
ZZHjj 0.04 0.21 0.02 0.19 0.01 0.00

- In leptonic channel, backgrounds minimal

- namely affect VBS/VBF

W+W-jj -

- Utility of BDT would be in distinguishing signal
processes from one another (right ) 22i

- Distinguishing S v B secondary

0.01

0.00

0.00

0.00

0.00

0.00

0.00

0.14

0.07

0.00

0.23

0.00

0.00

0.00

0.00

0.08

- BDT training in preliminary stage (H> WA
- Extending to hadronic final states, BDT essential (5223
- Also in preliminary stage
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Polarization Studies

- HwH: Additional sensitivity in off-shell regime via longitudinally polarized vector bosons

- Interested in isolating V,;V, events — Polarization based reweighting *

5000

O/USM

4000
30001
2000

1000~

hzzjj
—

|
—K)\_

%

(13 TeV)

—KI)‘\"

-10 -5

On-shell: No gain in sensitivity

*https://arxiv.org/abs/2306.07726

Off-shell
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https://arxiv.org/abs/2306.07726

Polarization Studies

- Amplitude-based weights (r;) generated using Recola * . o mhp (13TeY)
- Weights r, = | M, \2/\% \2 computed at MC truth | ]
800~ —
- Train NN to predict 7; based on experimentally P o
avallable information o L= /%le = /%le =1 =1 =07 _.
- Allows for measurement of polarization based observable 7,
- Can be defined at fiducial and reco level — unfolding > .
200 =
W ~ o~ |M|
% 2 | | I |
WLNGLN‘%L|2="%‘2‘ L‘z :‘%‘271 %00 02 04 06 08 10
| A | L
= WL — W?’L r; values for ZZHj;

*https://recola.gitlab.io/recola2 /index.html
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Polarization Studies

- Workflow with Madgraph + Recola + TMVA:

Iraining

(MC Truth):

In Practice

(Reconstructed):

PIDs

in in in in in in in in
q1 q1 q1 q> q> q>
qu’px ’py ’pz quapx apy ,pz

H H _H H
E”, p,pys p; — Recola
out out out out out out out out
EQI ,pgl ,p)?l ,pqu EqZ ’p-X?Z ,p}?Z ,quZ
Vv V V V V. V. V. V.
E 1’px1’pyl’pzl Ez’px2’py2’pz2
H H _H _H
E 9px ’py ’pz r L
-out -out -out -out .out -out -out -out
EV.pl . p) . pl EYLpPpl.pl  —— NN

£y nll nl1 Al £y o nCr T
E lap_xlapylapzl E29p_x27py27pzz

(if ZZ) E%,p, pl,ps Ef, pls, p’, pts

4
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r; - Polarization Studies

CMS Simulation Private (13 TeV CMS Simulation Private (13 TeV)
S007FF T — T T T T T L T T T 5 T T T ] I ' 1]
© i — Unpolarized rew. with rL i I\ | — Unpolarized rew. with rL |
i — Longitudinally Polarized MC Truth ] i — Longitudinally Polarized MC Truth ]
0.06 ~ ] 0.04 —
0.05 . i ]
i i 0.03- -
° ° | i | ]}
- Current results of MC truth r; reweighting : | |
0.03f- - 0.02| .
Unpolarized sample reweighted with r | | | |
shown in black | | 1
———— 0.01 B ] i |
- Longitudinally polarized sample shown '* 0 |
_C 2-0 N | T T T T T T T T T T T ] c 2.0 | T T T T T T T T T T T L
S F ] 5 ]
1 K 15E N  1.5F E
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§ s — Unpolarized rew. with rL 1 < L — Unpolarized rew. with rL i I\ - — Unpolarized rew. with rL i < i — Unpolarized rew. with rL 1
N ' N 0.12} - . . . ] i - . . . 1 : - . . . :
0.040: — Longitudinally Polarized MC Truth | i Longitudinally Polarized MC Truth ] 014l Longitudinally Polarized MC Truth B 014l Longitudinally Polarized MC Truth ]
0.035|- R osol ] [ ] [ ]
i 1 10 ] 0.12 . 012 _
00301 . [ ] [ ] [ ]
i ] 0.081 — 0.10|- - 010 —
0.025[ . [ ] . ] I ]
: | 0.06| 1 0.08}- . 0.08]- ]
0.020- N e | i i i ]
I | 0.06|- _ 0.06 i
0.0151- . 0.04 . I ] [ |
i ] [ ] 0.04| . 0.04|- .
0.010|- . . ] i 1 i 1
[ 1 0.02[- | i 1 i :
0.005 : E I ] 0.02~ s 0.02} ]
: ] i L | I 1 I |
0.000L ] 0.00 0.00b——— S : ! - : 0.001 :
' ~ 2.0 | | T T T T T T
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r+ - Polarization Studies

| lCMSS‘inl'lula‘tio‘anlrivalte‘ (13Tev) | CMSSimuI‘?t{on Private __ (13TeV)
. . g B | I— Unpola‘rized rew. wilth rT ] 3 - | | — Ulnpolarizelj rew. witr|1 rT | |
- Curren‘t results Of MC truth I/'T rewelgh‘tlng oosl — Transversely Polarized MC Truth_: 0.04,_ —— Transversely Polarized MC Truth__
- Unpolarized sample reweighted with ry ooe]- i
0.03|- ]
shown in black b |
. . . . 0.02f- -
- Longitudinally polarized sample shown in - ;
blue oo |
0.01 .
0.00L 0.00
£ 20p ] £ 20 ]
— Accurate extraction of polarized events reduces 0" i o T
\_1.0_-» — e S \'1.0:-- e — —— ey E
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L. . 0.0k A R R R R B “0_0?‘_|HK_J‘.‘_\.‘.|‘..|..‘|H.\‘
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[ 0.10_ ] I
0.030f E 0.06|- . 0.06 ]
0.025 - 0.087 - i
0.0201~ ] 0.06 - 0.04| . 004]- .
0.015F -
0.04 _| _
0.010f . 0.02}- 2 0.02|~ 2
0.005- - 0.02 R _
o.ooo:' ' 0.00 * 0.00L 0.00L
£ 20— T T T T 7] £ 20
E 1.5 f E 1.5
o F 1 &)
ST | S — — ] =40
= ] =
50.55— r — E().sE — : : !
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BROWN
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Conclusion



Conclusion

- Summary:

- On- and Off-shell strategy

- Direct measurements + Improved
sensitivity with polarized vector
bosons in off-shell regime

- Novel analysis studying 6 signal
processes in clean leptonic decay channel

- Polarization reweighting method

- Next steps:

20

- BDT /NN training
- Increase signal acceptance
- Polarization regression
- Predict 7; at reco & fiducial level
- Interpret measurements in context of EF'T
- Extend to semileptonic + hadronic final states

- Higher XS but more background — BDT /NN
- PAIReD reconstruction of V — ¢gg




Thanks!
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77 + H + i

Backgrounds studied:

- DY

- Diboson
- ttbhar

- ttHbb

Vs =13 TeV, 1.00 fb™

Sig vs Background

90000

Events

80000

70000

60000

50000

40000

i

30000

r..;'L.T

20000

10000

pass_particle_initial
B ttbar012j (53094.6)
B ttHbb (5.7)

drellyan (130777.8)
diboson (444.0)
zzhjj_SM (0.0)
I zzjj_SM (0.4)

B hzzji_SM (0.0)

== MC stat. uncert.

Overlay:

- SM (inclusive polarization)

- &, , Ky , Ky variations (inclusive polarization)

- Signals Normalized to 1

- XS in tb shown in legend

zzhijj
% 05 _I 11 ' 1T 1T 1 ' 1T 1T 1 ' 1T 1T 1 ' 1T 11 ' 1T 1T 1 ' T 1T 1 ' T 1T 1 ' 1T 1T 1 ' 1T 1T 1
o - s wnPol o] [fb] Ky [fb] Ky [f0] Pol (SM) [fb] _
= I 2[2.10e-04] ='=2[2.17e-01] === 2[2.00e-03] Z,Z, [1.866-05] ]
< | 1oge0s < T5[B140:04] =-5[B71e+01] 5 [2.85e-02] Z,Z.[8.31e-05] |
= 0.4~ ' == 10[7.21e-04] =+ 10[5.94e+03] == 10 [1.43e-01] Z.Z [9.69e-05] ]
o L i
S, u _
=z 03 ]
©
~ B _
Z | —
0.2 | —
Nt -
o1 1L =
B I 1z i
— i = . ot i.- 'it'l "'"Hm
| :_"'..'-- et T
0 _..L'J! I BRI F""I"M-ﬁ- iy T R [_1 TT“T'""TTW@%M
0 100 200 300 400 500 600 700 800
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Event Generation

- MADGRAPH aMC@NLO 3.9.2

- import model HHVBFEF UFO-vbf hh 4f
- H — bb decay done in Pythia8

-Z— ¢ | WE - £*u,. decay in Madspin
- Detector simulation done in Delphes

- QCD=0 to remove QCD

- Commands

- W4+W-Hjj: generate p p > w+ w— h 7 j QCD=0

- ZZHjj: generate p p > z z h 3 j QCD=0
- W+W-jj: generate p p > w+ w— j Jj QCD=0
- 77j): generate p p > z z J J QCD=0

60

40

20

III|III|III|III

—Modified couplings
| —Higgs self coupling

III|III|III|I[I|III

| — Higgs to Vector boson

l L | 1 I 1

| | | | |

-10 10

coupling ratio to SM

- (H>W-+W-)jj: generate p p > h j j QCD=0, (h > w+ w—, w+ > 1+ vl, w- >

1- vl~)
- bwcutoff = 100000 to allow for off-shell Higgs

- (H-Z7)jj: generate p p > h 3 J QCD=0, (h > z z, z > 1+ 1-)

- bwcutoff = 100000 to allow for off-shell Higgs

24

VVHjj sensitivity to «; and «,
(QCD=0 QED=2 CV=2 C2V=0 C3=1)




Standard Model Cross-Sections (Undecayed)

Process o°M (fb) o?M (fb) o?M | M
W+W-Hjj | 0.53591 0 00a041  0.04755710 000420 8.87%
7.ZHjj 0.102719-0006495 0.009614F2-09007616 9.36%
W+W-jj 714.715:880 38.51 1) 2000 5.39%
7.7} 121.47 705 7.1227000812 5.87%
(H-W+W-)jj | 25.11%55000 17.61+0-499 70.13%
(H—ZZ)j] 10.6810 0oses 7.3347 ) 0e5a0 68.67%

25
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Expected Events - W+ W-Hjj

- generate pp > w+ w- h j j QCD = 0 (sm)
- undecayed ( from madgraph ): 0.0005478 pb
- decayed ( from madgraph, no hbb ): 0.00002707 pb

Check: 0.0005478 x 2 x0.11)% = 0.00002651 pb
/ I 2 W’s
undecayed xs W = 20,
ey only
H — bb

/

Final Cross Section:  0.00002651 x (0.58) = 0.00001538 pb = 0.01538 fb
Expected Events ( After Run IIT / HL-LHC ) : 0.01538 X 300(0) = 4.6 Events/46 Events

LIS

NP
—
G3

© —
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Fxpected Events - Z7ZHj)

-generate pp >zz h jj QCD = 0 (sm)
- undecayed ( from madgraph ): 0.0001054 pb
- decayed ( from madgraph, no hbb ): 0.0000004987 pb

Check:  0.0001054 x (2 X 0.0336)2\ —
/ I 2 7’s

undecayed xs 7 -

0.0000004759 pb

ey only
H — bb

/

Final Cross Section:  0.0000004759 x (0.58) = 0.0000002761 pb = 0.0002761 fb
Expected Events ( After Run IIT / HL-LHC ) :  0.0002761 x 300(0) = 0.08 Events/0.8 Events

LIS

NP
—
G3

& —
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Analysis Strategy

- 2 final states
- VV + H + jj L
- VV +Jj
VBS VV + H VBF & YBS V‘Y
- 6 selections (27 & W+W-) | e
- (H->VV)jj (Low mass) e _ a ~
- VVjj (High mass) VBF On-Shell H5VV [|VBF Ofi-Shell H-VV — VBS VV

P \ /
R 'a\ p
‘ ‘6’ N Pk
.‘ [ P \»’
‘o A ¢’ A
o , L ¢ L3P,
p° » [N
’ y ¢\
g < \v"\
s y , \‘ % “‘¢
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Analysis Strategy

- Targeting limits of
- Higgs Self-Coupling: «,
- Higgs Couplings to Vector Bosons: i, k. ,

where k; = 4./4°M (kXM = 1)

- VV + H + j)

- Direct Sensitivity to «;, «y, Ky VBS VV & H

Example Diagrams : ~ Ky, Ky, Kyy

- VV +J3

- Direct Sensitivity to
VBF & VBS VV

Example Diagrams :
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