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Getting to know
the 125 GeV scalar
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Menu of the talk - 125 GeV Higgs rare decays

Rare loop-induced or Yukawa-suppressed radiative decays
» HoZy, H-oyy*se  (Zy*—l)
» H=2)/py, YyorYy (/P , Y —uu)
NEW > H—wy, Ky
Is the Higgs sector responsible for LFV?
NEW » H—er, Hout
» H—eyp,
Can we observe Higgs decays to 15t and 2"d generation?
» H—ee
» HDuu
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The searches mainly statistically limited (oxBR~O(fb) or less)
Dominant systematic unc. come from limited MC stats.

—> analysis strategy & results v

—> systematic uncertainties X
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Search for rare loop-induced
or Yukawa-suppressed decays
(with a prompt photon)

e Extra contributions to the fermionic/bosonic loops?

Modified fermion couplings?

H—zy (Z—1)

H—oyy* (y*—ll
"~y (y*—l) Y
4 H=J/Yy, Y(2S)y or Yy (Q—up) ’ o
_ H—owy, K'Y (exclusive!) direct dir:ct )




H _;Zy (Z_;ll’ l=€,[,l) Phys. Lett. B 809 (2020) 135754
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* Six mutually exclusive SR O goF /s - 13%\,, 139 b -

categories Simultaneous 1) - All categories :

profile ML fit of the S+B S 708 1(1+S5/Bog) weighted sum —

model in the six regions. = - ]

[ 60 E

** Kinematic fit of my; N Z

. o 501 .

*¢* FSR correction in puu channel -+ Data .

-~ —— Sig+Bkg Fit -

40 ----- Bkg _ =

¢ Observed (expected) bkg. - —— Bkg-only Fit e

Only ﬁt p_value 1.3% (12.3%) g g T 17T l T 1T | T 17T l T 1T | 17 17T | T T I_:
*** Observed (expected) ® —8
: P PN

significance 2.20 (1.20)

Fitted signal strength: 2.0 £+ 0.9(stat.) T9-3(syst.)=2.0 ¥{:9(tot.)
95% CL upper limit on signal strength 3.6 x SM (0.55% on B(H—Zy))


https://www.sciencedirect.com/science/article/pii/S0370269320305578?via=ihub

H= y'(ll),,y m;<30 GeV

Phys. Lett. B 819 (2021) 136412

ATLAS : -~ Bkg
EXPERIMENT o5k Bkg+H—>vy ]
— Bkg+H—vyy + Sig (u=1.5)

L ¢ data
201

2 weights/ GeV

15

10¢
T ATLAS 1
5E Vs=13TeV, 139 b 9
F In(1+ Ss/ By) weighted sum 1

** Three categories of [l pairs:

1. pp(pr > 3 GeV) 110115120 125 730 135 140 745 150 755 760
2. resolved ee (pr > 4.5 GeV) my, [GeV]

3. merged ee (pr(ee) > 20 GeV)

s Merged electrons distinguished from jets or single electrons using MVA methods
** 9 mutually orthogonal SR categories defined based on VBF/non-VBF, high/low p;

Fitted signal strength: 1.5 + 0.5(stat.) X34 (syst.)=1.5 + 0.5 (tot.) YA

2w - Bkg
—“I\)OI\) SN

—> observed (expected) significance: 3.20 (2.10)
= oxB(H— lly) =8.7 &+ 2.7(stat.) ¥0-Z(syst.) fb


https://www.sciencedirect.com/science/article/pii/S037026932100352X?via=ihub

H—1/yy, Y(2S)y, Y(1S,2S,3S)y
H—=wy, K’y (flavour changing)
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Highly destructive interference of the
indirect and direct diagrams!
B(H—J/yy) ~10°, B(H—Yy) ~10°-10%
B(H— wy) ~10°, B(H— K'y) <<10'!
I, Y(2S), Y = prpr

w— o, K'— K*m~ (exclusive!)

Inclusive background (all except for DY+
FSR y) from ‘generation region’ (SR with
relaxed isolation) in data. Correlated

sampling, normalisation from the fit.
(arXiv: 2112.00650 [hep-ex])

The search is performed for both H and Z
decays to Qy (except K7)

Data remain consistent with the
background only hypothesis.

95% CL limits on B(H—Qy) are set
95% CL limits on B(Z—Qy)~0(10°)
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https://arxiv.org/abs/2208.03122
https://arxiv.org/pdf/2112.00650.pdf
https://arxiv.org/abs/2301.09938
https://link.springer.com/article/10.1007/JHEP07(2018)127

Search for Lepton Flavour Violation
in the Higgs sector Sk

* Neutrinos oscillate: lepton flavour is not an exact "
symmetry

* |s the Higgs sector responsible?

* Naturally occurs in >1 HDM, composite Higgs, Randall-
Sundrum warped ED, etc.

T T T LI T T T T T 1T I T T T T T T
—) ATLAS — Observed
----- +
H e ,Ll s =13 TeV, 138-139 fb™ Expected + 1o
i

Expected + 26

eu
0.006% (exp) PLB 801 (2020) 135148

H—et (7}, Thag)

2222222222222

arXiv:2302.05225

H _’MT (Tll Thad) 895 o)

i
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107 107"
95% CL upper limit on B(H — II') in %




H—et, H—ut (7, 7,.4)

¢ For each decay two channels considered:

lTlr lThad

¢ For lt; different flavours only

** VBF and non-VBF categories

¢ Lepton p;in the approx. H rest frame
used to resolve the ambiguity (5-7%)

+* dominant backgrounds: Z—1T, top

* MC-template (all channels) & Symmetry
(lt;) background estimation methods

arXiv:2302.05225

(

Symmetry-based method ((7))
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https://arxiv.org/abs/2302.05225

H—et, H=ut (7, Tpad)

arXiv:2302.05225

MC-template method for all but l7; VBF. Branching ratio
for the opposite light lepton set to O.

2 Pol: Combined fit in all regions using MC-template
method in 8 SR’s + 8 CR’s (Z—71 and top-quark)

4 )
1 Pol: Combined fit to lt; & lt},,y non-VBF & VBF, using

-01 005 0 005 01 015 02 025 0.3
B(H —er) in %

2 Pol observed (expected) 95% CL upper limits on :

B(H—et): 0.20% (0.12%), B(H—ut): 0.18% (0.09%)
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1 Pol: Yukawa coupling interpretation
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https://arxiv.org/abs/2302.05225

H—eu

% OS lepton pairs py > 27(15) GeV
¢ Veto on identified b-jets (suppress
top background)
& EPss ) [Hy < 1.75 GeV /2
** Categorisation:
e VBF and non-VBF

e Central (|nl| < 1) and Non-central
e Low, Medium and High p¥

¢ Simultaneous binned ML fits to the

observed m;; distributions in the
range 110 < m;; < 160 GeV

H—eu
¢ Main bkg.: DY Z/y*— 1T, top, di-
boson, misidentified leptons

Observed (expected) 95% CL upper limits on B(H—eu):

DIS2023 28/03/2023

Entries / GeV

Data - fit

pll

Phys. Lett. B 801 (2020) 135148

700 T
Vs=13TeV, 139 b

600
+ Data

—— Background model
— Signal B(H— eu)=0.05%
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H—eu —f

O i NI A .
QOEC T T T T T T T T

H
b 0 --+++++*+++++++++++ A i o
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e [GEV]

6.2x10°5 (5.9x10°5)
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https://www.sciencedirect.com/science/article/pii/S0370269319308706?via=ihub

H—ee

% OS lepton pairs py > 27(15) GeV
¢ Veto on identified b-jets (suppress

top background)
& Emiss/ [H. < 3.5 GeV /2

¢ Categorisation:
e VBF and non-VBF

» Central (|n!| < 1) and Non-central

e Low, Medium and High p¥

** Simultaneous binned ML fits to the
observed m,;; distributions in the

range 110 < m;; < 160 GeV

H—ee
*¢* Main bkg.: DY Z/y*—ee

Entries / GeV

Data - fit

Phys. Lett. B 801 (2020) 135148

1010 ) L I I I UL IS UL UL IR
- ATLAS (s=13TeV, 139 fo" 7

80 ¢ Data

— Background model

80 — Signal B(H— ee)=2%

H—ee

gt T R j

110 115 120 125 130 135 140 145 150 155 160
Mee [GeV]

Observed (expected) 95% CL upper limits on B(H—ee): 3.6x104 (3.5x1074)
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https://www.sciencedirect.com/science/article/pii/S0370269319308706?via=ihub

Can we observe Higgs decays to 15t and 2"d

generation leptons?

* B(H—ee)s,~5x107
*  B(H—=pu)gy~2x10*

* Can we confirm SM couplings?
* Any indication of BSM-induced enhancement?

-

o

H—ee

H—uu

ee

i

ATLAS
Vs = 13 TeV, 36-139 b

*
Ll

— Observed

=== Expected + 1o
Expected + 2¢

* SM

11 1 |

10°°

1072

107

1

95% CL upper limit on B(H — 117 in %

~
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H—up

% OS muon pairs p; > 27(15) GeV
¢ Veto on identified b-jets (except ttH)

¢ 20 mutually exclusive categories:

« S/Bfrom

dedicated BDT’s £ Famas ™ om T
g 0.7E {513 Tev, 139 fo" —— VEF H—mus.imulaFionE

e \/BF 5 06 2iet T e
s L 1

- ggF ]

F
° VH % E
* ttH E

Emmu.m—‘—‘— O TR R
G0 0.1 0.2 0.3 040506070809 1
OVBF

¢ Simultaneous binned ML fits to the
observed muy distributions in the

range 110 < myy < 160 GeV
¢ Main bkg.: DY Z/y*—uu

Obs. (exp.) significance: $=2.00 (1.70)

Weighted Events / 2 GeV

Data - Bkg.

Phys. Lett. B 812 (2021) 135980
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ATLAS + Data
Vs=13TeV, 139 fb" — Total pdf
— Signal pdf

H — pu, In(1 + S/B) weighted

--- Bkg. pdf

S S |
110 115 120 125 130 135 140 145 150 155 160
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| T T T T I T T T T I T T T T | T T T T T T T T | T T T T
ATLAS Vs=13TeV, 139 fo" H— uu
FedTotal [ |Stat. EISyst | sM Total Stat. Syst.
VH and ttH categories ——F—+— 50 £35 (£33, +1.1)
ggF 0-jet categories —@— -04 £16 ( £15, £0.3)
ggF 1-jet categories —= 24 +12 (£1.2, £0.3)
ggF 2-jet categories e -06 £12 (£1.2, £0.3)
VBF categories Il—D—l 1.8 £1.0 ( £1.0, £0.2)
Combined HH 12 +06 (406, T2
| Il 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I
-10 -5 0 5 N 15 20

Signal strength



https://www.sciencedirect.com/science/article/pii/S0370269320307838?via=ihub

SUMMARY

** Rich program of ATLAS searches for rare and forbidden

SM Higgs decays
s Targeting loop-induced radiative decays, couplings to
15t and 2"d generation fermions and potential LFV in the

Higgs sector
** SM holds strong but some discrepancies are to be

followed up (e.g. H— 1)
¢ Stay tuned for what Run 3 data reveals...

THANK YOU
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H—=Zy (2—1]) Phys. Lett. B 809 (2020) 135754

16—

(%Da - ATLAS 4+ Data E
% Single or di-lepton trigger S O E-wTevioon 2 :
. < 12_— ~ . - -]
+** OSSF lepton pair (>10 GeV) + photon (>10 GeV) g VBF-enriched W Zijets 3
. L C ]
% Kinematic fit of my; after FSR correction ol E
+* Six mutually exclusive SR categories: 6 :
‘ 4
1. VBF-enriched (BDT classification) 2
2. High relative pr (p)T//mZy> 0.4) O g uuuuuuuuu RRARR AR ARR AR AR RRRAR A
- = b Hh&T Hu;uu“
3. Highprs ee . g'+'|'+f R PN B S SR
4. Lowpr¢ ee 8 110 'z"o"""‘féb‘ """ I 1&(%3’0’ lvl]
5. Highpr pu My, [Ge
6. Low pre pu E4ooo§—"hﬁhé""'""""';;';;t;""""'—i
Zy — =Y >Z _ 27 N — (s=13TeV, 139 fb" 3
Xt Whel'e t - w3500: ’ B zy E
P1t = IPT I (PT T)/IPT PTI £ 2000k, Lowp. —E E
° . . I-'>-'2500
** Signal shape parameterised by DSCB, — 000
background in each category by an analytic
function (polynomial or power function)
s Z+jets reducible background estimated from X
data and re-constructed from simulated Zy Q 200 + """ + """ + """ T FrTETT
o o o . . ' | s L 4 + ++L VSTV JUPY
multiplied by the fitted ratio function. g 208+ +ﬁ+"L ‘+*+“+ A
 —2005csbyerrererpt e brreeprbrree

s MC statistics second largest source of 120130140 1;?]0 [Ge\1/§30
Z
uncertalnt\é (spurious signal) !
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https://www.sciencedirect.com/science/article/pii/S0370269320305578?via=ihub

H—(ll),.,y m;<30 GeV

** Combination of single-lepton, dilepton,

diphoton, and lepton+photon triggers
¢+ OSSF lepton pair + photon (>20 GeV)
** Three categories of [l pairs:

1. uu (pr > 3 GeV)
2. resolved ee (pr > 4.5 GeV)

3. merged ee (pr(ee) > 20 GeV)

** Merged electrons distinguished from
jets or single electrons using

multivariate methods
** 9 mutually orthogonal SR categories
defined based on VBF/non-VBF,
high/low pr¢, uu, ee resolved/merged
+** Dominant background comes from non-
resonant lly events
s MC statistics second largest source of
uncertainty (spurious signal)

Merged ee ID ® isolation efficiency

Phys. Lett. B 819 (2021) 136412
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ee resolved channels —FL— ATLAS
! B _q
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. -»- Total unc.
uy channels = == Syst. only
VBF-enriched channels i Ry ——
High-th channels —————
Low-p_, channels —er—
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uu channels Te=—
|-||_>J’Y "Y_).lly. gIIObuaI ‘flt n Il n : [ | s n | L L L | s
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https://www.sciencedirect.com/science/article/pii/S037026932100352X?via=ihub

H—1/Yy, Y(2S)y, Y(15,2S,3S)y

H—wy, K’y (flavour changing)

Events / 2.5 GeV

L R
ATLAS

Vs=13 TeV, 139 fb!
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¢+ Data
— Background Fit
[ Exclusive Background
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[ Dimuon Background
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% 95% CL limits on B(H/Z—Qy) are set
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https://arxiv.org/abs/2208.03122
https://arxiv.org/abs/2301.09938
https://link.springer.com/article/10.1007/JHEP07(2018)127

H—et, H—ut (7, 74.4)

Selection {tp {Thad

exactly le and 1y, OS exactly 1¢ and 17p,4.vis, OS

Thad-Veto ThadTight ID
Baseline Medium eBDT (eTj,q)
b-veto b-veto
pé‘ > 45 (35) GeV MC-template (Symmetry method) p% > 27.3GeV
Pl > 15GevV pris > 25 GeV, | < 2.4
30GeV < me e, < 150 GeV 2 cos Ap(i, ET™) > -0.35
i=C, Thad-vis
0.2 < piack(g, =€)/ pSster (€, = e) < 1.25 (MC-template) |AR (€, Thadovis)| < 2
track dy significance requirement (see text)
|zo sinf] < 0.5 mm
, Baseline )
VBF > 2 jets, pit > 40GeV, p?2 > 30 GeV
|A77jjl > 3, mj > 400 GeV
Baseline plus fail VBF categorisation
non-VBF - veto events if
- 90 < myis(e, Thad-vis) < 100 GeV
Selection {tp {Thad

non-VBF (or VBF) category with

isidentified back; d CR .. . .
fisidentihied backgroun statistically independent lepton (£ or Thad-vis) selection, see text

arXiv:2302.05225

121 GeV

EXPERIMENT

Baseline with 35 GeV < p? < 45GeV
75GeV < mge, < 100GeV
A (6, EPS)| < 1.5
1.25 < piack(£y) [ pSusier (£) < 3

Baseline
In(7)] <0.1

Z — pp CR/VR (b1/€Thaq) 90GeV < meon(p,7) < 110GeV

non-VBF (or VBF) selection
top-quark CR L R —
with inverted b-veto requirement

non-VBF (or VBF) selection

Z — 1t CR . ¢ -
with 35 GeV < py' < 45GeV
Baseline
P2 >30Gev
Diboson VR 100GeV < my e, < 150GeV -

mt > 30GeV
veto events with jets with pr > 30 GeV

Method Channel Category Region 1 POI fit 2 POI fit
SR v v
non-VBF Z — 1t CR v v
MC-template {Tpr Top-quark CR v v
SR v
VBF Z — 1t CR v
Top-quark CR v
non-VBF SR v v
MC-template CThad VBF SR v v
Symmetr ¢ non-VBF SR
ymmetry Tf’ VBF SR v



https://arxiv.org/abs/2302.05225

YV V VYV

H—up

VBF category
Two jets
Veto: b-jets & additional leptons
BDT (Oyge) based on 17 variables which
include pp and jj kinematics
4 categories with S/B ranging from 18%
to 2.8%

ﬂ IIIIIIIIIIIIIIII |IIII|IIII|IIII|IIII|IIII|IIII
c 0.7 ATLAS Data

I-I>J " V_ 13 TeV 139 fb {1 - VBF H—)uu Slmulat|0n
.— —— ggF H—pu simulation :
g 0.6__ 2-jet ——— Bkg simulation

S i.

§ 0.5:— —
L C

O

VBF

>

Phys. Lett. B 812 (2021) 135980

ggF category
Three jet cathegories (0-2),
BDT (Oge%-?)) based on up to 17
variables which include pu and
optionally jet kinematics
3x4 categories with S/B ranging from
1.7% to 0.07%
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https://www.sciencedirect.com/science/article/pii/S0370269320307838?via=ihub
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H—up

VH category

Veto: b-jets

Additional isolated p(e) pr>10(15)

Two separate BDT’s targeting WH and

ZH final states

2 WH and 1 ZH signal categories defined >

with S/B ranging from 3.7% to 0.8%

10° -
ATLAS
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Phys. Lett. B 812 (2021) 135980

ttH category
At least one b-jet (85% WP)
Additional isolated p(e) pr>15 GeV
BDT taking 12 inputs, including
multiplicity of b-jets
ttH category optimizes expected
significance, with S/B of 8%
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https://www.sciencedirect.com/science/article/pii/S0370269320307838?via=ihub

Corresponding CMS results

H—Zy (2—1) HIG-19-014 u=2.0 £ 0.9(tot.) sign.=2.70

H— y*(l)my HIG-17-007 95% CL limit: 3.9 (2.0) x SM (36 fb1)
H—et HIG-20-009 95% CL limit: B(H—et): 0.22% (0.16%)

Hout HIG-20-009 95% CL limit: B(H—ut): 0.15% (0.15%)

H—eu  NEW HIG-22-002 95% CL limit: B(H—ep): 4.4x10°5 (4.7x1075)

CMS Preliminary 138 fo” (13 TeV)
600 T T T T T T ] CMS Preliminary

............................................

S/(S+B) weighted events / GeV
O T

95% CL limit on o(pp — X — ey) [fb]

1010 115 120 125 130 135 140 145 150 155 160

n'::: (GeV] my [GeV]
H—ee HIG-21-015 95% CL limit: B(H— ee): 3.0x107 (3.0x107%)
H—uu HIG-19-006 Obs. (exp.) significance: $=3.00 (2.50)

95% CL: 0.8 x 1074 < B(H—uu) < 4.5 x 10~



