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Disclaimer: this talk is not a summary of excesses at the LHC.
Focus on resonant-like excesses.
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ALEPH, DELPHI, L3 and OPAL Collaborations
The LEP Working Group for Higgs Boson Searches
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Search for SM Higgs-like boson with CMS, PLB 793 (2019) 320

categorization according to SM-like production
mechanisms (ggF, VBF, VH, ttH).
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ATLAS-CONF-2018-025 g gL ,
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CMS, arXiv:2208.02717

Event classification scheme
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Dedicated search for scalar decaying into
tau pairs. CMS observes a local (global)
excess of 3.1 (2.7)o at ~100 GeV.
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ATLAS, arXiv:2201.08269
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ATLAS has not performed a
dedicated search for low mass
scalar. That said we do not seem
to see a clear excess around 95
GeV in the sideband. Is the CMS
excess an upward fluctuation?
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SM Higgs hypothesis alone. alone
is having difficulty describing the
II+MET transverse mass specitra,
giving room to other Higgs-like
signals. Compatibility with other
signals under study.

S.Bhattacharya, G.Coloretti, A.Crivellin, B.M.
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Search for invisibly decaying light Higgses via recoil method: [Y. Wang et al. '18]
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HL-LHC/ILC hjo5 coupling measurements
[T. Biekétter, S.H., G. Weiglein — PRELIMINARY]
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The Multi-lepton
Anomalies at the LHC
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Eur. Phys. J. C (2016) 76:580

The SimplifiEd MOdel (from Run |)

1. The starting point of the .8
hypothesis is the H
existence of a boson, H, ~ P
that contains Higgs-like
interactions, with a mass
in the range 250-280 GeV

2. In order to avoid large
quartic couplings,
incorporate a mediator
scalar, S, that interacts
with the SM and Dark

Matter. Ling D 5g—ttH n /3V g,“, VFVVH

3. Dominance of H->Sh,SS(") 1
decay over other decays Lihs == 5V [AhhS + X5shSS + Ay HHS

+ Anss HSS + Ay, s HAS),

\
S S™
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Top associated Higgs production
(Multi-lepton final states)

A—tt, ZH
H— S5, 5h

b

S/h

S/h

Produces SS 21, 31 with

- i +
Reduced cross-section of ttH+tH b-jets, including 3 b-jets

is compensated by di-boson, (SS,

Sh) decay and large Br(S->WW). Explains anomalously
Production of same sign leptons, Jarge ttW+tth+4t
three leptons is enhanced. cross-sections seen
Enhanced tH cross-section by ATLAS and CI\{|5S



Methodology

(to avoid biases and look-else-where effects)

Based Higgs pr, hh, tth, VV in Run 1 Fixed final states and phase-space
Eur. Phys. J. C (2016) 76:580 defined by fixed model parameters.
NO tuning, NO scanning

Model defined and predictions made for

multilepton excesses Update same final states with
more data in Run 2
@ > Study new final states where
Multi-lepton excesses in Run 1 and few excesses predicted and data
Run 2 results available in 2017 available in Run 1 and Run 2
(e.g., SSO0b, 3I0b, ZWO0Db)

J.Phys.G 45 (2018) 11, 115003

J.Phys. G46 (2019) no.11, 115001

Model parameters fixed in 2017 with JHEP 1910 (2019) 157
my=270 GeV, mg=150 GeV, Chin.Phys.C 44 (2020) 6, 063103
S treated as SM Higgs-like, Physics Letters B 811 (2020) 135964

dominance of H>Sh,SS Eur.Phys.J.C 81 (2021) 365 16



Combination of fit results (2019)

Simultaneous fit for all
measurements:

To the right: (-2 log) profile
likelihood ratio for each
individual result and the
combination of them all
The significance for each
fit is calculated as

v/ —2log A(0)

Best-fit: B2 = 2.92 = 0.35
Corresponds to 8.04¢

—

-2 log(A

Excesses have been growing since,
and new have emerged (Eur.Phys.J.C 81 (2021) 365) i

JHEP 1910
70T

60"

30}

(2019) 157

Wits ICPP

501

40

ATLAS R1 SS leptons + b-jets ATLAS R2 DFOS di-lepton + b-jets
ATLAS R1 DFOS di-lepton + b-jets ATLAS R2 3 leptons + ET

ATLAS R2 SS leptons + b-jets CMS R23 leptons + E_

CMS R2 SS leptons + b-jets
CMS R2 DFOS di-lepton

Combination

0 | |
0

Interpretation: Measure of the inability of current MC tools to
describe multiple-lepton data and how a simplified model with

17

H->Sh is able to capture the effect with one parameter



Anatomy of the multi-lepton anomalies (2023)

m; <100 GeV,
I*l- + jets, b-jets dominated by Ob- tt+Wt >50
jet and 1b-jet
I*I- + full-jet veto m;<100 GeV WW ~30
P O R L Moderate H; ttw, 4t >30
jets
I=1= & IF17*] et al., In association wWW
no b-jets with h L b ey
Z(>1')+ Pz<100 GeV ZW >30

Anomalies cannot be explained by mismodelling of a particular
process, e.g. ttbar production alone. Currently, every single
type of excess has surpassed 30. 18



Prediction from the multi-lepton anomalies.

The di-lepton invariant mass is sensitive to the mass of S.

Assuming S2>WW->llvv:
mg = 150 £ 5 GeV

¢
4 W+ .H W: 7/_|
v/ & Dy
7/'{

J.Phys. G45 (2018) no.11, 115003

The 151 GeV

Candidate

19



Procedure

(avoiding “cherry picking”)

(Setting a well-defined procedure is essential to the
integrity of a search. Scanning nullifies significance

dFrom the di-lepton anomalies: m;, <m; <170 GeV
LIt is critical that search be localized and motivated

(QFocus on yy and Zy decays

(JAs per the model that described the muliti-lepton
anomalies, we select final state according to di-
boson signatures. S is produced via the decay of
something heavier and not directly

(URe-use Higgs boson data

(URemove VBF and boosted topologies H
= Related to direct production

From Run 1 multi-lepton excesses model-dependent prediction
of mg =150 + 5 GeV



Events / 2.0 GeV

Data-Bkg

A.Crivellin et al. https://arxiv.org/abs/2109.02650
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Result is obtained with public results from the LHC experiments.
Using a simplified model and two degrees of freedom to include

the decay of S=>MET and residual LEE, global significance goes
to 3.90 at 151.5 GeV.
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New excesses @151.5 GeV that appeared after the first

combination (see above) in topologies consistent with

associated production:
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ATLAS, arXiv:2301.10486
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Events

S.Bhattacharya, G.Coloretti, A.Crivellin, B.M.
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SM Higgs hypothesis alone. alone L F— ATLAS+CMS _;
is having difficulty describing the | = SM re-ft H->WW - $vfv :
I+MET transverse mass spectra, b — = ]
giving room to other Higgs-like 100 120 140 160 180 200
signals, including S(151). my [GeV]

CMS: pr <20 GeV

i ] CMS: pr > 20 GeV
ATLAS T 200} o ] oo
.................................. CO > .
2500¢ . ] O : B SM Higgs 8 w00l _S:fmggs ]
I ® Data £ 150 ] B BSM[150 GeV] 1 = RG]
2000} B Bkg ER! W Bkg + SM + BSM[150GeV] || 2 400 ;’_‘E‘E‘E\'_‘al‘g”“’l*BSM“SOGeVJ ]
I L ' g
I B SM Higgs S 100E §
1500L  BSM[150 GeV] g £ 200]
[ W Bkg+ SM +BSM[150Gev] |{ & 90f )
[ ] H [ ] e ‘ ‘
1000} oﬂ , . , 1 %o 80 100 120 140 160 180 200
[ 60 80 100 120 140 160 180 200 mll [GeV]
5001_ m [GeV]
: i Currently, interpreting the broad excess in
O. e et e 1Yo aiaiaiaia ] -+ I
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Excesses ~650-700 GeV
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M. Consoli, L. Cosmai, PoS (ICHEP2022) 204 H-Z7Z7Z - 4f
ATLAS, Eur. Phys. J. C 81 (2021) 332

Authors looked at ATLAS 4l lepton events the my on range
620-740 GeV, based on theoretical considerations:

(Mg) 8" = 690 + 10 (stat) + 20 (sys) GeV

0-2 i | I 1 I | 1 I I I I I I I I 1 I I I | 1 | 3 r i ‘ - T :
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CMS PAS HIG-18-001
M. Consoli, L. Cosmai, Int.J.Mod.Phys.A 37 (2022) 14, 2250091

10 — I I I I

9

y

60 GeV CMS 774 fb'1
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T H-ZZ —> 4¢f

8..

Events / 4 GeV
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Local p-value
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ATLAS, Phys. Lett. B 822 (2021) 136651

ATLAS sees an excess in the di-
photon spectrum with local (global)
significance of 3.3 (1.3) ¢ at 684

GeV. Excess is narrow, though.
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Excess with
local (global)
significance
of 3.8 (2.8) ¢
for my=650
GeV and
my=90 GeV
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The importance of two and multi-
body decays for the (HL)-LHC

dCertain types of two-body decays are unexplored in
important regions of the phase-space:

A- BC A- BB

1 Other types of topologies are also unexplored

A- BBY 5 C+X

dMachine Learning techniques, such as weak
supervision, relevant to minimize model

dependence, not used to its fullest potential 20



Excesses at the TeV Scale
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CMS, arXiv:2206.09997 B ml _I_ m2
Search for resonant and non-resonant _ 2 .
production of pairs of di-jet resonances m43

138 b (13 TeV)
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CMS sees an excess with local
(global) 3.6 (2.5) o at 0.95 TeV in  However, most of the excess

the non-resonant search. No appears in the range

results from ATLAS available 0.25<a<0.35, consistent With a
two-body decay (see next slide)
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A. Crivellin, et al. arXiv:2208.12254
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Summary

96 GeV bb, yy, tr, I+FMET
Multi-lepton anomalies, I*I- (w & w/o b),
(H>SS() Sh) 1,31 (w & w/o b)
151 GeV vy, Zy, I+MET + objects
In associated production
650-700 GeV ZZ, vy, WW(?),
1, 3.6 TeV Di-jets, di-dijets

2.5,3.6

The 96 and 151 GeV candidates, directly accessible at e*e- Higgs
boson factories. Need to exploit topologies at (HL)-LHC that remain

for the most part unexplored:

A-BC A-BB* A-BBY ->C+X

36



Additional Slides

37



The 2HDM+S

Eur. Phys. J. C (2016) 76:580 Introduce singlet real
scalar, S.

2HDM potential, 7 (P, P,) 2HDM+S potential

= m; D] D +my D) Py —mi, (be@z +h-c-) V (P, D) + 1m§ S+ A5, D Py S
1 te )2, ] e ) | 2 ?
Hah (@) 4 5 (@) 25 7,52+ 53 (@7, + hc)S?
|2 + 2 2 2 _I—T( 1 2—|— .C)

+A3 (bed%) (¢§¢2> + A4 ‘@Iq)z ;
—I-%ls [(CDF@Z)Z_'_}LC.] + %54 + Uq 45;4515—1’#2(15;(1)25
+{[/’L6 (cb{fcbl) + A7 (qb,jqbz)] @I(P2_|_hoco} + U3 [cbquszrh,c] S+ ugSS.

Out of considerations of simplicity, assume S to be Higgs-like,
which is not too far fetched. 38



The Decays of H

din the general case, H can have couplings as those
displayed by a Higgs boson in addition to decays
involving the intermediate scalar and Dark Matter

H — WW,ZZ,qq, 99, Z7,77Y, XX
+ H — SS5,Sh, hh

| e
Dominant decays ‘ > Diboson decay
H — h(+X),S(+X)



S. No. | Scalars | Decay modes
The model leads to D.1 h bb, Tt T, utu, s, cc, gg, YV, Zy, WW~, ZZ
rich phenomenology. D2 H D.1. hh. SS. Sh
Of particular interest ' I S e "
are multilepton D3 A D.1,#t, Zh, ZH, ZS, W=HT
signatures D.4 H* W*h, WEH, W=S
D.5 S .17y
Scalar | Production mode Search channels
88 — H,Hjj (ggF and VBF) Direct SM decays as in Table 1
— SS/Sh — 4W — 4 + EP'sS

arXiv:1606.01674

~ hh — yybb, bbtt, 4b, YYWW etc.
— Sh where S — xx = 7Y, bb, 40 + EX'sS

H pp — Z(W*)H (H — SS/Sh) — 6(5) + E'ss
— 4(3)1 +2j + EMiss
—2(1)I+4j + Episs
pp — ttH,(t +1)H (H — SS/Sh) | —2W +2Z + EP and b-jets
—» 6W — 3 same sign leptons + jets and EJsS
pp = tH= (H* - W=H) — 6W — 3 same sign leptons + jets and EFS
gt | PP tbH* (H* - W*H) Same as above with extra b-jet
pp — H*H¥ (H* - HW*) — 6W — 3 same sign leptons + jets and EI'S
pp = H*W= (H*= - HW*) — 6W — 3 same sign leptons + jets and E%‘i“
g8 — A (ggbF) —tf
A md (4

gge +A —ZH (H — SS/Sh)

Same as pp — ZH above, but with resonance structure over final state objects

gge >A—->W=HF(HT™ - W¥H)

6W signature with resonance structure over final state objects
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arXiv:1805.07399 CMS-TOP-17-018; CERN-EP-2018-074

@® Poor modeling of POWHEG + Pythia8 distribution is improved through rewelghtlng

Data/MC

0.6k

300
M,.. (GeV)

Data/MC

@ We fix the normalisation of the SM by scaling it to the data in the region 8 oo mozooer
my, > 110 GeV ook e %:Z,JTT;"V .
. . . . . 07E 5= NS WHZ— l+Met ete’/ur /et
O Anormalisation systematic of 3% is applied to all but DY N Opposite-sign
ic = 0 Y i i =
O DYy sys.tematlc 6.8%. 3 Yo Systematic on m, shape in top o5t Bulk of signal
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20 - CMS_TOP_17_018
Vs =13 TeV, 35.9fb™

200 250 300
M., [GeV]

Used conservative assumption that I*'l-+2b-jet final state is perfectly described by

the SM. The discrepancy comes from events with N,<2. Excess unlikely due to tt
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Excesses in di-leptons with full-

jet veto not included above

From Run 1 multi-lepton excesses model-
dependent prediction of mg = 150 + 5 GeV
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The anatomy of inclusive ttW at the LHC

S.Buddenbrock, R.Ruiz
and B.M.

Physics Letters B 811
(2020) 135964

Using fixed order computations at O(¢!2) and NLO multi-jet matching
yielding similar (10%-14%) corrections to the inclusive rate

ij— ttWokl

(i1 j) (k’l) p_;'l min p? min o [fb] :t6/'lf1l“r ﬂ:(SpDF
All Al 75GeV  75GeV  34.7(100%) *%  *LI%
5Q (Q 23.7 (68%)
@QQ Q@ 6.99 (20%) /
QY (g9 3.63 (10%)

(8.8 (9.9 0.437 (1.3%)

All All 100GeV 75GeV  33.1(100%) *1%  *10%
5Q (Q 22.6 (68 %)
Q) @ 6.78 (20%)
QQ (g9 3.28 (9.9%)

(8.8 (9.9 0.409 (1.2%)

All Al 100GeV 100GeV 21.2(100%) ‘3.  11%
6Q (Q 14.3 (67%)
QY @ 4.91 (23%)
Q@ (g9 1.75 (8%)

(8.8 (9.9 2.58 (1%)
(8.q9v) (8.qv) 75GeV  75GeV  20.1(58%) %% 3%
(8.qv) (g.qv) 100GeV 75GeV 193 (58%) %%  +23%
©av) (2.qy) 100GeV 100GeV 122(58%) ‘3% 31k
Table 2: Total cross sections [fb] at /s = 13 TeV for the pp — tHW*jj

process at LO, with scale and PDF uncertainties [%], for representative p

with |5/| < 4.0. Also shown is the decomposition according to partonic channel,
for gy € {u,d}, q € {u,d, c, s}, and Q € {q, q}.

Jk min
T
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needed to reduce
theory uncertainty
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Results not included in the combination
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Residual discrepancies at high m, will be fixed with
missing NNLO QCD and NLO EW corrections

Excess at low mll remains prevalent, indicating that effects seen in
Run 1 were not statistical fluctuations. NNLO QCD corrections do not

fix the issue (see Mitov et al.)
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Impact of NNLO QCD in WW

The NNLO QCD
corrections shift
the m, spectrum
towards larger
values.

The discrepancy
becomes larger in
the region of
interest with
m||<100 GeV
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A.Denner, M.Pellen,
arXiv:1607.05571

EW corrections are important at high p; due to Sudakov logarithms.

Effect is less than 1% for m;<100 GeV, where discrepancies are seen.
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BSM inputs to the fit

e The following assumptions

are made: S
a. The masses of Hand S are ,/
fixedto my=270GeVand mg =y >------ <
=150 GeV \
b. The only significant S hoso
production mechanisms of H
come from the ##H Yukawa
coupling:
m Gluon fusion
m Top associated production
c. The Yukawa coupling is scaled
away from the SM Higgs-like
value by the free parameter B,
d. The BR of H— Shis fixed to
100%
e. The BRs of S are Higgs-like

e Therefore, the only free
parameter in the fits is B 2 48




CMS PAS TOP-17-014 Event selection with exactly two leptons (e,n),
m;>20 GeV and at least 2b-jets

CMS Preliminary  35.9 fb' (13 TeV)
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b-jet multiplicity is robust theoretically
Figure 9: Leptonic distributions produced by tt and tW processes (see text) as a function
of the b-tagged jet multiplicity. The di-lepton invariant mass (left) and the transverse mass
of the di-lepton and missing transverse energy system are displayed. Distributions are
normalised to unity. The insert shows the ratio of the distributions with exclusive b-tagged
jet bins relative to that obtained inclusively.



arXiv:1805.07399 CMS-TOP-17-018; CERN-EP-2018-074

@® Poor modeling of POWHEG + Pythia8 distribution is improved through rewelghtlng
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Used conservative assumption that I*'l-+2b-jet final state is perfectly described by

the SM. The discrepancy comes from events with N,<2. Excess unlikely due to tt
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2HDM+S potential with fixed parameters Consider extra degrees of freedom in the

from multi-lepton anomalies at the LHC form of SM singlet vector-like fermions
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G.Beck, E.Malwa, M.Kumar, R.Temo and B.M., 2102.10596

The multi-lepton
anomalies and excesses
In astrophysics




AMSO02, PRL 122, 041102 (2019)

Leptophilic excesses, such as positron rise in PAMELA/AMS02
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Dark matter annihilation. AN
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from the decays of S. e
75 GeV
100 GeV
. 300 GeV -----
107! {Spin 0DM 500 GeV
700 GeV - —
900 GeV
1000 GeV - - -
107 2 2
| —
3 !
R e R
10 ' 1 T
10° 260 460 660 860 1(;00
" energy (GeV)
200 GeV
300 GeV
. 500 GeV -----
107! Spin 0 DM 700 GeV
900 GeV - —
2 3 1000 GeV
o
2 ‘
g
N
L
~
2L
N
. ; . ‘\ . .
200 400 600 800 1000

¢* energy (GeV)

10°

—_
(=]

dN/dE (GeV'Y)

dN/dE (GeV'Y)

S, h

S, h

o

—_
S
[

—
S
IS

10°

75 GeV
100 GeV
300 GeV -
500 GeV

700 GeV -

900 GeV

1000 GeV - -~

200

600
p energy (GeV)

800

200 GeV
300 GeV
500 GeV
700 GeV
900 GeV
1000 GeV

400

600
p energy (GeV)

800

1000




(oV) (10726 cm3 s71)

10°

52%2

| Data tend to prefer lighter DM p 30 best-fit

: .............................................................. ] Fermi GC 30 best-fit -

Small size of bands for e+ and Fermi GC
may be due to missing systematics due to
incomplete background modelling.

Important implications on DM searches at the LHC
(see below)
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et 30 best-fit

102 103

58



Impact on Higgs

Physics

The presence of a BSM signal of the type H->Sh would lead to:
1 The presence of extra leptons in association with h. Affects
the Wh measurement (Eur.Phys.J.C 81 (2021) 365)

1 Distortion of Higgs pt and rapidity (under study)

No tuning of model parameters performed. Look at fixed
corners of the phase-space fixed with parameters of 2017.
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Survey of LHC results on Vh (V=W,2Z)
production (Eur.Phys.J.C 81 (2021) 365)

The BSM (H->Sh) signal appears at
low pt, and the SM signal is prevalent
at larger p,, (no tuning of parameters)

Include those results from ATLAS and
CMS where no requirements on pr,
(or correlated observables) is not
done or used in an MVA.

Those results where the final state is
treated more “inclusively” display
elevated signal strengths for Wh
production:

u(Wh) = 2.41 + 0.37

This represents a 3.8c deviation from
the SM value of 1. BSM signal
normalization less than expected
from multilepton excesses assuming
Br(H->Sh)=100%. Indicates that
Br(H>SS) > Br(H>Sh)
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New results from CMS in
the measurement of Vh,
h->WW add to the
anomalies reported in
Eur.Phys.J.C 81 (2021) 365

Deviation from the SM
becomes stronger with
pPrv<150 Gev

CMS Preliminary
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https://cds.cern.ch/record/2784454/files/HIG-19-014-pas.pdf

Available on the CERN CDS information server CMS PAS HIG-19-014

CMS Physics Analysis Summary

Contact: cms-pag-conveners-higgs@cern.ch 2021/10/19

Search for the Higgs boson decay to Z< in proton-proton
collisions at /s = 13 TeV

The CMS Collaboration

CMS observes what appears to
be an upward fluctuation of the
h — Zy in the di-jet bin
optimized for the measurement
of Wh production. The Signal
strength deviates from unity by
3.20.
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Analysis of publicly
available yy, Zy spectra

In associated production

gives an excess at
Mmg=151.5 GeV.

Fiducial yields
consistent with H>SS*
hypothesis with my=270
GeV, which is used for
the extraction of
significance.

Excess not seen in
S>7Z7->4|
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