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The Higgs Potential

The SM Higgs potential is:
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Signal distribution strongly
depends on K

Increasing K, leads the “triangle
diagram’ to dominate:

signal peak shifts to lower m1

Cross-section also depends on
K,: discoverable now!
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 Trigger on diphotons;
_‘ (B> 35,25 GeV) ,_ '_

 Require two photons ¥
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Select < 6 jets;
(o > 25 GeV, || < 2.5) |

Requ ire 2 b b-tagged jets
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29/
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| Combination of 6 bijet riggers:
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HDBS-2015-29)

4 b-tagged jets

(€ =77 %,py > 40 GeV)
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HDBS-2019-29

| Combination of 6 b-jet triggers|
4 b-tagged jets
 Pair “closest jets” to form

' Higgs candidates
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b-tagged jets
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 Pair “closest jets” to form
’ Higgs candidates
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Reconstruct Higgs candidates, form “mass plane”
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bbbb Background

Step 0: form “mass planes” for
2b (control region, no signal)
and 4b events
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Ve Both VBF and ggF
M signal regions defined
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Limits on the SM (™

Let’s put it all together:
can we see HH?
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Limits on the SM

Let’s put it all together:

ATLAS —— Observed limit HH’
Vs =13TeV, 126—139fb-" apectgi'i;ﬂghes_s) can we sec ‘
SM _ HH = y |
Oggr +var(H1H) =32.710 I Expected limit 10 o
1 Expected limit £20 Here, show sensitivity to SM
signal: what factor larger
e Obs.  Exp. would the signal have to be,
bbyy | ‘ 42 57 for us to be sensitive!?
bbt*tT | * 4.7 3.9
bbbb}- l 5.4 8.1
Combinedf- 0 2.4 2.9
OII:IIfl)llII1IOIIII1I5IIII2IOIIII2I5||||3O

95% CL upper limit on HH signal strength gy
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signal: what factor larger
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bt * | A Individual analyses set
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Limits on the SM

Let’s put it all together:

ATLAS —— Observed limit
Vs=13TeV, 126—139 b1 Expected limit can we see HH?
Howtri-zre | o
1 Expected limit £20 Here, show sensitivity to SM
signal: what factor larger
e Obs.  Exp. would the signal have to be,
bbyy ‘ 40 50 for us to be sensitive?
b * | >.9 3.1 Individual analyses set
bbbb}- l 54 8.1 limits at ~4.5x SM
Combined - . | 2.4 2.9 Together, set

’ ) . o b il stonath limit at 2.4x SM

95% CL upper limit on HH signal strength gy

NB: not yet including
bbyy, bbtt, bb'C results
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Measuring the Potential ¢

Here, show likelihood vs K,

< 1 O I | | | | I | | | | I | | | | I | l _I |
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- Observed —— Combined |
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a NV NN 95% —
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K
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Measuring the Potential ¢

< 1 O I | | | | | | | | I | | | | I l _I |
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Here, show likelihood vs K,

Minimum here is the
“best fit”
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Here, show likelihood vs K,

Minimum here is the
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95% C.L. range
is the “limit”
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Measuring the Potential ¢
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Here, show likelihood vs K,

Minimum here is the
“best fit”

95% C.L. range
is the “limit”

Each of the three
analyses contributes
to the combination
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Measuring the Potential ¢

Here, show likelihood vs K,
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Higgs potential
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Higgs pair measurements let us
directly probe the shape of the
Higgs potential

Vi)
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Conclusions

ATLAS —— Observed limit (95% CL)
Expected limit (95% CL)

Higgs pair measurements let us i (<0 hpotness

[ Expected limit £10

directly probe the shape of the == Troon procicton.

BE== Theory prediction
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Conclusions

ATLAS —— Observed limit (95% CL)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-053/

Thank you!

More in:

ATLAS-HDBS-2021-10
ATLAS-CONF-2023-071
ATLAS-HDBS-2019-29
ATLAS-CONF-2022-03
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-10/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-071/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-035/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2022-03/
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bbyy Results
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bbbb Categorization
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Variables for MVAs

e For bbyy: photon kinematics, b-jet kinematics, bb-system
kinematics, missing energy, total energy, “‘top-ness”

e For bbbb:

[u—

log(py) of the selected jet with the 2"%-highest pr,

log(py) of the selected jet with the 4™-highest pr,

log(AR) between the two selected jets with the smallest AR,
log(AR) between the other two selected jets,

the average || of selected jets,

log(py) of the HH system,

AR between the two H candidates,

A¢ between the jets making up H,,

o ® N kA LD

A¢ between the jets making up H,,

p—
e

log(min(Xy,)), and

[E—
[E—

. the number of jets in the event with py > 40GeV and |n| < 2.5, including jets that are not selected.
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Variable Thad Thad

TlepThad SLT

TlepThad LTT

VBE 1o X 11

S NS

ARVYBF
JJ

ARTT

SN SN

v
v
v

N

v
v
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imits for bbTT

| |
observed 3.4 | 36 87 | 3.5 80
Thad Thad [ [
expected 39 1+ 40 103 3.9 101
____________ S
| |
fiepThad SLT observed 16.4 | 16.9 133 | 16.7 155
expected 64 | 6.6 128 6.5 125
____________ e
observed 22 18 767 21 731
TlepThad LTT : :
expected 20 1+ 21 323 20 317
| |
Combined observed 5.9 | 5.8 91 | 5.9 94
| |
expected  3.1*( ! 3.208 720 ! 3.240 7140
T T T T T T 11 T IOb T T dI T TT | 1 T
ATLAS Preliminary e Lbserve xlo
— -1 o Expectedu=0 +20
Vs=13TeV, 140 fb 2 Expoctod i1
HH — bbtr
— : Obs. (Exp.)
TogThag LTT de 22 (20)
Tleprhad SI—T O i [ ] 16 (64)
Thad®had ®0 3.4 (3.9
Combined o | e 5.9 (3.1)
| | | : | I 1 11 | | | | | | 1 11 | |
1 10 10°

95% CL upper limit on My

M. Swiatlowski (TRIUMF) February 19,2024



bbTT
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Resonant Searches




Resonant Searches

V(¢) = — m*p* + A’

The SM’s potential only choice that
is gauge invariant, renormalizable
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Resonant Searches

V(¢) = — m*p* + A’

The SM’s potential only choice that
is gauge invariant, renormalizable

V(d) = — m2p? + Ap* + Ch® + DB + . ..

If we want modifications like these

C and D terms: they have to
emerge from new physics
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Resonant Searches

V(¢) = — m*p* + A’

The SM’s potential only choice that
is gauge invariant, renormalizable

V(d) = — m2p? + Ap* + Ch® + DB + . ..

If we want modifications like these

C and D terms: they have to
emerge from new physics

g 9999999999999 H
A - <
X
g 9999999999999~ H

Like a new resonance!
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-41/

ATLAS-HBDS-2018-41

| Target high-mass, |
collimates decays |

7~

Target low-mass |
resonances



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-41/

ATLAS-HBDS-2018-41

Boosted

- Target high-mass, |
collimates decays |

7~

Target low-mass |
' resonances

4 btagged jots

(e =77%,pr > 40 GeV) ]

Boosted Decision Tree used to pair jets|


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-41/

Boosted

ATLAS-HBDS-2018-41

Target high-mass, |
collimates decays |

7~

Target low-mass |
' resonances

| Combination of ~4 b-jet triggers Jl Large-R jet trigger (£, > 450 GeV)

 Two large-R jets
(=109, > 450 (250) GeV)

4 b-tagged jets |

(e =77%,pr > 40 GeV) ]

Boosted Decision Tree used to pair jets; 2, 3, 0r 4 b-tags (i wackes.c = 7% |


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-41/
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Reconstruct Higgs candidates, form “mass plane”




bbbb Analysis Strategy ?z\)/
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Reconstruct Higgs candidates, form “mass plane”
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Center is signal-like; outer regions used for
background estimation and validation
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bbbb Analysis Strategy ?z\)/
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Reconstruct Higgs candidates, form “mass plane”

Center is signal-like; outer regions used for
background estimation and validation

Fit myy in signal region for final analysis
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bbbb Resolved Background e 2

Step 0: form “mass planes”
with leading/subleading Higgs,

for 2b and 4b events
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bbbb Resolved Background e 2

2 b-tag events

subleading Higgs mass

Step 0: form “mass planes”
with leading/subleading Higgs,
for 2b and 4b events

leading Higgs mass

subleading Higgs mass

4 b-tag events

leading Higgs mass
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bbbb Resolved Background e 2

Step 0: form “mass planes”
2 b-tag events with leading/subleading Higgs,

for 2b and 4b events

4 b-tag events

2
£
88

Step l:use CR to
train neural network to
reweight data from 2b to 4b

subleading Higgs mass
subleading |

leading Higgs mass leading Higgs mass
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bbbb Resolved Background e 2
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bbbb Resolved Background e 2
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Boosted analysis is similar:
simpler spline based reweighting

No excess either (also in 3b and 2b SR)
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Backup: to be updated with most
recent results!




Resonant Combination
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Here, show results
rom all three analyses

bbyy and bbtT have

similar resonant-
optimized searches

(bb7TT has parameterized
NN for different signal
mass points)

All three analyses
complementary:

o) . :
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bbyy strongest bb17 strongest bbbb strongest

set best limits at
different ranges
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10°

104

108

102

10!

100

—
<

ATLAS Preliminary
Vs = 13TeV, 126 fo!

Resolved channel valid. region

b4

¢ 4bData ]
[ Reweighted 2b Data
[ Uncertainty

E.;¢, i*ffﬁiﬂ* *}*iiﬁfi HJT{ = %
AR

i

! v

400 600 800

M. Swiatlowski (TRIUMF)

100 1200 1400
Corrected m(HH) [GeV]

February 19,2024



104

108

>
)
Q)
@
v
—
~
n
e
c
o
>
L

102
10!

100

b4

5| ATLAS Preliminary
10°F vs'= 13 TeV, 126 fb-!
Resolved channel valid. region

¢ 4bData .
[ Reweighted 2b Data
Uncertainty

Pred

Lo -
oooo0o00
[T = R CRR

Fe o
AL

4b Data - Pred

“f*'*ﬂﬂ*}i{mi HI!JT{ _ %
i

i i

Here, apply NN to 2b data in VR
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Works well, even on data

that wasn’t used in training!
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that wasn’t used in training!
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4b Data - Pred

Here, apply NN to 2b data in VR

that wasn’t used in training!
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Works well, even on data

M. Swiatlowski (TRIUMF)

10°

104

Events / 14.3 GeV

108

102

10°

100

Pred
Lo -
©SOoooo00
N aOo - AN

4b Data - Pred

o |
[\

ARREREELELY
L 4

ATLAS Preliminary
Vs =13TeV, 126 fb!

Resolved channel control region === Normalized 2b Data

[0 Stat. Uncertainty

L]

1000 1200 1400
Corrected m(HH) [GeV]

Why does this work!?
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NN’s learn a density ratio of
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is used to isolate a single class,

but can be used to reweight classes
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95% CL limits on ¢ (pp — X — HH) [fb]
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Higgs
potential
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https://physics.aps.org/articles/v8/108
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