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Introduction

» Higgs couplings: important window into SM

» Connection to EWK symmetry breaking
» Connection to origin of mass
» Shed some light into “ad-hoc” fermion sector

» Also a potential handle on BSM physics!

» New particles change SM branching ratios
» Some theories posit non-SM couplings
» Small Higgs width sensitive to small couplings

» Complete picture is very challenging: many
orders of magnitudes need probing!
> Br(H — bb) is 108x Br(H — ee)

» Today, present a selection of recent results:

» Higgs coupling to fermions (bb, 77, uu, ee)
» Coupling to Z + ~
> Lepton flavor violation (LFV) searches
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I: Probing deeper with well-established couplings
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V(= qq)H(— bb): [2312.07605]

Events /5 GeV

Background Subtracted

» H — bb is the largest Higgs branching ratio

» Experimentally well-established, with measurements in many production modes

» Not a rare decay = can use it to probe more challenging phase spaces such as
boosted H — bb with an associated hadronically-decaying vector boson
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» All-hadronic final state

» Br(V — qq) >Br(V—=1I')®
» Large irreducible multijet contribution ®
(fully data-driven estimation!)
Neural network algorithm used to
tag large-radius jets as H — bb

Results based on fit to Higgs candidate mass
Signal strength p = 1.4749, agrees with SM
Significance: 1.70 observed (1.20 expected)

» Compared to 2.10 obs. for V(— II') channel

More details in upcoming talk
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https://arxiv.org/abs/2312.07605
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2020-019/
https://arxiv.org/abs/2008.02508
https://lpsc-indico.in2p3.fr/event/3268/timetable/?view=standard#234-measurements-of-higgs-boso

V(= I H(— 77): [2312.02394]

» T-lepton is the heaviest lepton: Br(H — 77) is also large
» Experimentally well-established:
» Observed in ATLAS in 2015
» pp — H — 77 cross-section measured to ~ 14% precision in 2022
> 2023: strong evidence for H — TiepThag and H — ThagThaa in association with V. — II' (I = e/u/v)
» Neural network (NN) analysis using a set of classifiers trained on event and particle kinematics
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https://arxiv.org/abs/2312.02394
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2013-32
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-09
https://atlas.cern/Updates/Briefing/rare-Higgs-tau-interaction

» NN analysis: 4.20 observed (3.60 exp.)

» Signal strength compatible with SM

ZH

WH

Comb.

ATLAS Vs=13TeV, 140 fb™
=—Total — Stat. VH,H - 1t

Tot. (Stat., Syst.)
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> mass fit (cross-check): 3.50 obs. (2.50 exp.)

» Signal strength compatible with SM
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https://arxiv.org/abs/2312.02394

Il: Recent developments for challenging couplings
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V(— II"H(— cc): Eur. Phys. J. C 82 (2022) 717

Br(H — cc) is = 3%

However; Signal selection is very challenging

c-tagging efficiency for this analysis (using DL1) for c/b/! jets is ~ 27%/8%/1%

Best strategy is to trigger on associated V — //I' (I = e/u/v) production

Simultaneous fit to mc. invariant mass distribution in many signal regions to place limit on pviec
Observed limit: p < 26x SM

Also determines Br(H — cc) < Br(H — bb) at 95% CL

VVYyVYVYVYYVYY

> goE T T
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https://arxiv.org/abs/2201.11428

H — Z~ ATLAS/CMS combination: Phys. Rev. Lett. 132 (2024) 021803

» Br(H — Z7v) < 1%: now firmly into rare decay territory
» One of Higgs decays with no tree-level diagrams: particularly sensitive to many BSM scenarios

Z Z

Y Y

» Combination of two results to obtain strong evidence for this difficult signal
> ATLAS: Phys. Lett. B 809 (2020) 135754
» CMS: JHEP 05 (2023) 233

» Both analyses have same overall strategy: Fit peak in my., distribution

» Combined using product of ATLAS & CMS likelihoods
» QCD scale & branching ratio uncertainties are correlated
» Other theory uncertainties have incompatible models: treated as uncorrelated
» Experimental uncertainties are uncorrelated as well
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https://arxiv.org/abs/2309.03501
https://arxiv.org/abs/2005.05382
https://arxiv.org/abs/2204.12945

H — Z~ ATLAS/CMS combination: Phys. Rev. Lett. 132 (2024) 021803

» Combination of ATLAS & CMS results
» ATLAS: 2.2 o (6 categories)
» CMS: 2.6 o (8 categories)

» Strong evidence with 3.40 significance!
» Measured branching ratio: (3.4 +£1.1) x 1073
» Compatible with SM prediction of (1.5 +0.1) x 1072 within 1.9
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https://arxiv.org/abs/2309.03501

H — utu—: Phys. Lett. B 812 (2021) 135980

» Dimuon Higgs decay has sub-permill
branching ratio!

» Very clean final state, but large Drell-Yan
background overwhelm the small signal

» Simultaneous fit my, in all SR: Excess of 20
above background-only hypothesis

ATLAS Vs =13 Tev, 139 fb*

L e B
H —

e Total Stat. EISyst | sm Total Stat.  Syst.
VH and ttH categories ——&=—1H 50 +35 (£33, +1.1)
ggF O-jet categories —@— -04 £16 ( £15, £0.3)
24 £12 (12, £03)

0.6 £1.2 (+12, £0.3)

ggF 1-jet categories —=—
ggF 2-jet categories —@—

VBF categories l‘—ﬁ—| 18 £1.0 ( £1.0, £0.2)

Combined HH 12 £06 (£06, 197

v v v v v v e b e e b |l
-10 -5 0 5 10

Signal strength

Using event topology, kinematics, and BDT

discriminant: define 20 Signal Regions

ATLAS. /s = 13 TeV. 139 fo", H-uu

Bkg. composition  Signal composition
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https://arxiv.org/abs/2007.07830

l1l: Vanishing and BSM couplings
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H — ee: Phys. Lett. B 801 (2020) 135148

> In SM, BR(H — ee) = Grmym? /(42T ) ~ 5 x 107°
» No chance to observe at LHC, but BSM may be enhance it

» Familiar strategy: Simultaneous fit to mee distribution in many signal regions
» Observed limit: BR(H — ee) < 3.6 x 107*, i.e. ~ 72000x SM
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: comically small!
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https://arxiv.org/abs/1909.10235

H — ep: Phys. Lett. B 801 (2020) 135148

>
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Entries / GeV

Data - fit

Lepton flavor violation (LFV) known to be realized in nature through neutrino oscillations

Not observed as of yet for charged leptons
LFV not allowed in SM = BSM physics

H — ey search is a natural progression of H — ee: Same strategy but with me, spectrum

Observed limit: Br(H — ep) < 6.2 x 107°
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https://arxiv.org/abs/1909.10235

H — I7: JHEP 07 (2023) 166

> Leverage 7-identification capabilities of ATLAS to identify LFV Higgs decays with a 7

» Hadronic 7 channel

» Leptonic 7 channel

» Background estimated via MC templates

» Non-VBF subchannel: Background estimated .
normalized to data

via MC templates normalized to data

» VBF subchannel: Background estimated by
exploiting symmetry between SM prompt
lepton backgrounds
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https://arxiv.org/abs/2302.05225

H — I7: JHEP 07 (2023) 166

» Two different sets of classifiers used to separate signal from background:

» Leptonic 7 VBF channel: Deep neural network

» Leptonic 7 non-VBF & Hadronic 7 channels: A set of BDTs
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https://arxiv.org/abs/2302.05225

» 2-Pol fit setup allow setting limits on Br(H — er) and Br(H — pu7) simultaneously

» Both observed limits are at permill level

» Observed: Br(H — eT) < 0.2%
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https://arxiv.org/abs/2302.05225

» 2-Pol fit setup allow setting limits on Br(H — e7) and Br(H — p7) simultaneously
» Can also extract 2D contour for best-fit values of these branching ratios

» SM expectation of (0, 0) slightly outside of 95% CL contour: 2.10 “excess”

» A fluke, or a sign of an exciting future? The answer is left as an exercise
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https://arxiv.org/abs/2302.05225

Conclusion

v

v

v

vy

Presented a selection of results on Higgs coupling properties
Some couplings are well-established and can be used to probe more challenging final states
» V(— qq)H(— bb): 1.70 excess over background
» V(— II")H(— 77): 4.20 observation
Some couplings are inherently more difficult and have either just been observed or are actively
being searched for
> V(= II")H(— cc): pyhee < 26X SM
» H — Z~v ATLAS/CMS combination: 3.40 observation
» H — ptpu~: 20 excess over background

Some couplings are vanishing or non-SM, and relevant in a BSM context
> H—ee: p<3.6x107*4
> H—ep: p<62x107°
> H—er: u<0.2%
> H— pr: pn<0.18%

This is only a small selection of all the recent ATLAS Higgs results!
Be on the look out for other interesting talks at DIS2024!
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https://arxiv.org/abs/2312.07605
https://arxiv.org/abs/2312.02394
https://arxiv.org/abs/2201.11428
https://arxiv.org/abs/2309.03501
https://arxiv.org/abs/2007.07830
https://arxiv.org/abs/1909.10235
https://arxiv.org/abs/1909.10235
https://arxiv.org/abs/2302.05225
https://arxiv.org/abs/2302.05225

Mercil

Rendering of a H — p7 candidate event

EXPERIMENT
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95% CL upper limitonB,, .,

ATLAS — Observed
(s=7Tev, 471" ... Expected
s =8 TeV, 20.3 fi5* EF"
Vs =13 TeV, 139 fb! [Jt2o
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https://arxiv.org/abs/2301.10731

» Large irreducible QCD multijet background: fully data-driven estimation
» Compute transfer factor between SR & CR, where CR is exactly like CR but with inverted
H — bb tagging
> lerljltijet(pTa m) = TF(PT,p) X Nrg’u?ltijet(pTa m)
> TF(pr,p) = Xk amr*ply
> p = log(m?/?7)
» Cross-checked with BDT-based method which reweightes anti-V & anti-H-tagged data

>

8 ATLAS VH - qgbb 4 TF method [IBDT ./, Uncertainty

© {s=13TeV, 137 fo* Post-fit

£ 5R:250<p:1<450 GeV SR:450<p:J<650 GeV SR:p;‘J>650 GeV
H : . :

>

w

TF/BDT

mi [GeV]
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https://arxiv.org/abs/2312.07605

V(= II"YH(— 77): [2312.02394] — Signal Regions

» Neural network analysis using a collection of classifiers trained on event and particle kinematics
» Total of 6 neural networks trained:

» One for each of WH — Thad Thad» ZH — Thad Thad ZH — TlepThad
» One for each of WH — TjepThag = T —> €€, 7 — pp, T — ept

Selection | WH, H = TiepThaa | WH, H = ThaThaa | ZH, H = TiepTha ZH, H = ThaaTha
exactly 1 Thag-vis exactly 2 Thag-vis exactly 1 Thag-vis exactly 2 Thag-vis
PRESELECTION exactly 2 £ exactly 1 £ exactly 3 ¢ exactly 2 £
b-jet veto b-jet veto same-flavour, OS ¢ pair same-flavour, OS ¢ pair
my, € [81,101] GeV myp € [71,111] GeV
1 Thad.vis and 1 7jep OS exactly 2 Thag-vis OS exactly 1 Thagvis and 1 7y OS exactly 2 Thag-vis OS
SIGNAL REGION exactly 2 £ SS 0.8 < AR(Thad-vis> Thad-vis) < 2.8 Zﬂmd—wu_{h‘r pr(7) >60GeV | ¥ pr(7) >75GeV
2e p1(6) + p1(Thadevis) > 90 GeV | Xo - p1(Thad-vis) > 100 GeV
me. ¢ [80, 100] GeV my (€, EMS) > 20 GeV
Hicas BosoN mAss WINDOW cuT mar € [60, 130] GeV mar € [80, 130] GeV e € [100,170] GeV | myvic € [100, 180] GeV

(ONLY APPLIED IN THE NN-BASED ANALYSIS)
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https://arxiv.org/abs/2312.02394

V(= II"YH(— 77): [2312.02394] — Neural Network details

All categories

ZH, H — ThaaThad

ZH, H = TiepThad

WH, H — ThadThad

N-prongs(t;) N-prongs(t) pr(b) N-prongs(z)
pr(n) pr(12) n(t) pr(r2)
n(r) n(r2) ¢(62) n(r2)
(1) ¢(12) pr(H) ¢(2)

AR(7y,61) pr(br) n(lz) n(6)? +¢(6)?
prl) n(t2) (lr)
n(by) b(6) AR(L,0)
(1) mee mee

pr(EmS) AR(C,0)

SEPS)

» Trained w/ Keras + Tensorflow backend

WH, W > eve, H = TeThaa

WH, W = e(p)Ve(u)s H = Tu(e) Thaa

WH, W = vy, H = TyThaa

pr(tr) pr(te) pr(tr)
n(lx) n(lx) n(tr)
é(lr) (L) #(Lr)
An(t,tr) An(l,tr) An(t, ty)
jet width(ry) jet width(ry) jet width(ty)
pr(H) m(71, €r) AR(L,6r)
m(ty, ;) AR(L, ;) m(ty, ;)
An(ri,€r) An(ri,6r) An(n, br)
Ad(l, Cr) 3, pr(all visible) AR(t1,67)
Ag(r, EDS) Ag(r1, Eiss) 3, pr(all visible)
AR(C, tr) Ap(l), br)

» Two initial transformation layers to enforce ¢-invariance
» Three fully-connected layers w/ 128 nodes, ReLU activation
» Qutput: single node, sigmoid activation
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https://arxiv.org/abs/2312.02394

» Charm tagging rates for different jet flavors: > Charm tagging strategy for 2-jet events
P cjets: & 20-27% efficiency > — 2 c-tag signal
> t_»-Jets.: ~ 10% mistag rate > Also use =1 c-tag to increase acceptance
> light jets: ~ 1% mistag rate

T T T T
ATLAS
Vs= 13 TeV, 80.5-139 fb”!
VH, H— ¢T 27% c-tagging efficiency working point
DL1; ctag + MV2 b-tag veto
—c-jets —b-jets —light-jets

jett

lelb lelb

—
50 100 150 200 250
jetp, [GeV] credit: M. Stamenkovic

Data c-tagging efficiency =+ total uncertainty
o
N
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https://arxiv.org/abs/2201.11428
https://cds.cern.ch/record/2803924

H — Z~ ATLAS/CMS combination: Phys. Rev. Lett. 132 (2024) 021803 — Standalone

> CMS: JHEP 05 (2023) 233

> ATLAS: Phys. Lett. B 809 (2020) 135754

CMS 138 fb™ (13 TeV)
. Lepton-tagged E 14.3%105
Category u Significance = HoZy (m > 50 GeV)

. +] 9 + Untagged 1 N . RS
VBF-enriched 0.5% 5 (1. 0" ) 0.3 (0.6) Untagged 2:_ ] « Best fit 12
High relative pr 6*1 g (. 0+1 7 10(06) Untagged 3| e B0

3.0 Untagged 4 [—  —— B:20o 323

High pr; ee 7+ (1 0+ ) 1.7(0.4) Untagged combined E J— 2579
+2 8 + r

Low pr; ee 3.9%52(1.07 ) 1.5 (0.4) Dijet1E e o7

High pr, uu 9+3 2 (1. 0+ ) 1.0 (0.4) Dijet 2 | e 113

26 Dijet 3 - C —— 12375

Low P1e MM 8+ (1 0+ ) 0.3 (04) Dijet combined} . mem 1. 8,“2
; +1.0 +0. r

Combined .0_0.9 (1.0_0.9) 2.2(1.2) combined - o 248

I I B I N WS W WS N F
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https://arxiv.org/abs/2309.03501
https://arxiv.org/abs/2005.05382
https://arxiv.org/abs/2204.12945

H — ptp~: Phys. Lett. B 812 (2021) 135980 — Example BDT

» Example BDT output for VH/3/ categories

Events

10°

104 L

103 L

102 L

101 L

100 L

107}

ATLAS ¢ Data
Vs=13TeV, 139 fb™! Bkg. simulation
3-lepton inclusive WH, H—pp x 50 7
selection ’
= ZH, H—pp x 50
____ Other Signal,
H—pup x 50 1
Y :
\.‘ \'\Q\.\‘\\Q\ oo P |
: Sgee? o
L .

0.0 0.2 0.4 0.6 0.8

OvHaL

» Example mass spectrum for VH/3/-H SR
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H — I7: JHEP 07 (2023) 166 — 1-Pol results

» 1-Pol fit setup allow setting limits on Br(H — e7) and Br(H — u7) separately
» Assume Br(H — er) = 0 when fitting Br(H — p7) and vice-versa

» Observed: Br(H — er) < 0.23% > Observed: Br(H — p1) < 0.17%
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ATLAS Vs =13 TeV, 139 fb™ ATLAS Vs =13 TeV, 139 fb™
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