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Outline

1. The 95 GeV and 151.5 GeV candidates

2. Isthe 151.5 GeV scalar a real Higgs triplet?
3. Anomalies in tt differential distributions
4

. The A2HDMS
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Direct hints

[S. Bhattacharya, GC, A. Crivellin et al.]

* Several channels have excess at 95 GeV and 151.5 GeV
* Significance of 3.80 and 4.70 (global) respectively
* For 151.5 GeV, associated production is required
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https://inspirehep.net/literature/2673376

A 151.5 GeV triplet?

* Fields: neutral A%, charged A*

’ SU (2 U(l
* Parameters: (A) = v, ap ‘ (2)r ‘ Ly
* Weak flavor bounds




A 151.5 GeV triplet?

* Fields: neutral A°, charged AT
* Parameters: (A) = v,, ap
* Weak flavor bounds

151.5 GeV mostly produced in < Produced in AP via Drell-Yan (DY)
associated production (AP)
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A 151.5 GeV triplet?

* Fields: neutral A°, charged AT
* Parameters: (A) = v,, ap
* Weak flavor bounds

151.5 GeV mostly produced in < Produced in AP via Drell-Yan (DY)
associated production (AP)

No excess at 151.5 GeV «— AYcouples to WW but not ZZ
in ZZ butin WW (at tree level and with ap = 0)
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A 151.5 GeV triplet?

* Fields: neutral A°, charged AT
* Parameters: (A) = v,, ap
*  Weak flavor bounds

151.5 GeV mostly produced in < Produced in AP via Drell-Yan (DY)
associated production (AP)

No excess at 151.5 GeV «— AYcouples to WW but not ZZ
in ZZ butin WW (at tree level and with ap = 0)

W mass P (A) = vy = 0(GeV)
(2.2/3.70 above SM w/w.o CDFII) (therefore: myo = m,+)
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ATLAS analysis: H - yy + X

* ATLAS model independent search for AP of
SM H = yy + X covering the 105-160 GeV range
mISs )

* Multiple categories (X =1, J, jp, ET
* Reduced SM background and enhanced NP sensitivity

[ATLAS]
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https://arxiv.org/abs/2301.10486

Results: H - yy + X

[S. Banik, GC, A. Crivellin et al.]
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* All relevant parameters are
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Guglielmo Coloretti

Br(A* = XY)

Y

+ /
A%151.5 /

W:I:* s X

1.0
0.8

0.6

0.2

110

NEW HIGGSES AT THE EW SCALE

1 1 | 1 1 1
120

WZ

1 ] 1 1 1 1 I 1 1 1 1 1
130 140 150

mao = ma= [GeV]



https://inspirehep.net/literature/2753881

Results: H —» yy + X

[S. Banik, GC, A. Crivellin et al.]
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Towards the A2ZHDMS

[S. Banik, GC, A. Crivellin, B. Mellado]

- 151.5 GeV: real triplet A, - (A)

: W
= mainly decays to WIW éf\,
AO
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https://inspirehep.net/literature/2688610

Towards the A2ZHDMS

[S. Banik, GC, A. Crivellin, B. Mellado]

- 151.5 GeV: real triplet A, - (A)

: W
= mainly decays to WW éiv
AY %
: 151.5, _
* 95 GeV: real singlet So5 (ps) ’ |44
= mainly decays to bb N
5‘95 \ b

Guglielmo Coloretti NEW HIGGSES AT THE EW SCALE


https://inspirehep.net/literature/2688610

Towards the A2ZHDMS

[S. Banik, GC, A. Crivellin, B. Mellado]

- 151.5 GeV: real triplet A, - (A)
= mainly decays to WIW

* 95 GeV: real singlet Sy (¢;)
= mainly decays to bb

* Mmyo, mg fixed by hints at
151.5 GeV, 95 GeV (resp.)

* H contained in a second

Higgs doublet ¢4 with :
my > Mpo + Mg L= _)\0¢SMA¢1 ¢s + h.c.
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https://inspirehep.net/literature/2688610

Towards the A2ZHDMS

[S. Banik, GC, A. Crivellin, B. Mellado]

151.5 GeV: real triplet AY, - (A)
= mainly decays to WIW

95 GeV: real singlet So5 (¢;)
= mainly decays to bb

myo, Mg fixed by hints at
151.5 GeV, 95 GeV (resp.)

Has tt-like (WW bb) signature

H contained in a second

Higgs doublet ¢4 with :
my > Mpo + Mg L= _)\0¢SMA¢1 ¢s + h.c.
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pp — tt differential distributions

. . . . ATLAS
e Several distributions analyzed for the lepton pair Hid
» Example: angle between the two final leptons | A@¢*|
B ‘ATLAS e
S 5000 Vs=13TeV, 140 b “1-__.!_ “No model can describe all
%e * Data i ] measured distributions within
< 4500 - - aMC@NLO+Her7.1.3 a i .
32 - Powheg+Herwig7.0.4 _,-* their uncertainties.
© --- Powheg+Pythia8 -
4000 -.- Powheg+Herwig7.1.3 - ATLAS 2303.1534
aMC@NLO+Pythia8 i-"
3500~ Powheg+Pytiad rew) g Mismodelling of SM at the LHC
B Stat error .
Stat ® Systerror i@ or new physics effects?

—F T T T

MC/Data

0 05 | 75 7 2.5 3
o1,
[AOT
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https://inspirehep.net/literature/2648096

pp — tt : results

[S. Banik, GC, A. Crivellin, B. Mellado]

ATLAS generated tt samples with several different matrix element generators,
parton shower, and fragmentation simulation

[Ap| |AgH| [ aMC@NLO+Her7.1.3
5 3 Z -~ - = 2 z Z o |-+ aMC@NLO+Her7.1.3 (SM)
1.06 - | | | | | 1.06 - | ' | | | — Powheg+Herwig7.0.4
1_04f [ 1_04; -== | |--- Powheg+Herwig7.0.4 (SM)
1.02 1.02 —— Powheg+Pythia8

-_g 1_002 '.%_ 1_002 - -- Powheg+Pythia8 (SM)

% 0.98: % 0_985 —— Powheg+Herwig7.1.3
0.962 0_963_ - - -- Powheg+Herwig7.1.3 (SM)
0.9453-2' S 0.047" ‘ aMC@NLO+Pythia8
092 092 aMCe@NLO+Pythia8 (SM)

5 10 15 20 25 30 5 10 15 20 25 30
IA¢%| bin no. |A¢®| bin no. —— Powheg+Pythia8 (rew.)

- - - Powheg+Pythia8 (rew.) (SM)

— Average

--- Average (SM)
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https://inspirehep.net/literature/2688610

pp — tt : results

[S. Banik, GC, A. Crivellin, B. Mellado]

ATLAS generated tt samples with several different matrix element generators,
parton shower, and fragmentation simulation

meH A m® + Ag | ..
106 X%M X2NP§ ONP Sig. X%M Xlzwpi ONP Sig. xéM XIQ\IPi ONP | Sig. ms[GeV]
104 Powheg+Pyhtia8 146 50 10pb  9.80 | 183 73 11pb  10.5¢| 213 102 9pb 10.50 143 —156 SM)
102 aMC@NLO+Herwig7.1.3| 31 13 4pb 420 96 38 8pb 7.60 | 102 68 5pb 5.80 ——
:; 100 aMC@NLO+Pythia& 89 14 9pb 8To | 277 83 15pb  14.00| 291 163 10pb 11.30 148-157
20.95 Powheg+Herwig7.1.3 138 32 10pb  10.30| 245 93 13pb  12.3¢| 261 126 10pb 11.60 149-156
0,06 Powheg+Pythia8 (rew) | 40 12 5pb 530 | 54 26 6pb 53¢ | 69 35 5pb 580 —— SM)
Powheg+Herwig7.0.4 186 41 12pb  12.00| 263 99 1dpb  12.8¢| 294 126 12pb 13.00 149-156
22; Average 93 23 8pb 840 | 172 63 11pb 10.40| 182 88 9pb 9.60 143-157 M)
|A¢®#| bin no. |A¢#| bin no. — Powheg+Pythia8 (rew.)
- -- Powheg+Pythia8 (rew.) (SM)
Differential distributions are normalized to the total cross — Average
section a(pp — tt) 2> |A@®*|, only sensitive to the shape of NP | [ AvereesW

— NP hypothesis is preferred over the SM by > 5.80
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https://inspirehep.net/literature/2688610

Towards the A2HDMS (continued)

[S. Banik, GC, A. Crivellin, B. Mellado]

- tt differential distributions
fixes pp » Hy99 » A1515 Sos

30|
25 Sos — 717 (20)
20
_ Sgs — 7y (1o)

15|

o] (20) S A e

* Yy strength at 95 GeV with
Br fixed by the model

o(pp — Hagy — A’Sgs — WTW ™ bb) [pb]

145 150 155 160
ﬂlAp[(;e\q

The preferred regions nicely overlap
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https://inspirehep.net/literature/2688610

Conclusions

* Hints for NP at 95 GeV and 151.5 GeV (3.80 and 4.90 global)

* Associated production is crucial for the explanation of the
151.5 GeV excesses

* Yy + X excess at 151.5 GeV explained by a real triplet
produced via Drell-Yan

* Anomalies in tt differential distributions (= 5.8¢0) explained
combining the 95 GeV and the 152 GeV scalars

* A2HDMS model provides a consistent explanation
(and more: resonant tt excess at 400 GeV - 3.5¢ local, WW ....)
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attention!
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Is there NP at the EW scale?

EW scale NP is not fully explored at the LHC (associated production)
— Run3 data (and FCC/CEPC) will scrutinize different NP scenarios

° Mu |ti_|epton a nomalies Final state SM backgrounds | Significance
o 70~ + (b-jets) tt, Wt > ho
(MLA): deviations from SM £H o+ (o jet) W ~ 30
) . . (F0F 30 + b-jets HW* tttt > 30
in processes with W - like 05,30+ (no bejet) | WER(125), WIWW | 2 do

iSS) Z(— €0)¢ + (no b-jet) ZW* > 30
[O. Fischer, B. Mellado, A. Bagnasci, A. Crivellin et al.]

signature (e/u + E7*

* W mass Custodial

(2.2/3.70 tension exl/in-cluding CDF Il) - Symmetry

» Narrow resonances (yy, Zy, tT,Z + bb)
at 95 and 152 GeV (3.80 and 4.90)

- Direct hints
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https://inspirehep.net/literature/1921013

Direct hints at 95 GeV

g 1 1 1 1 1
K E E
a g E
= - .
* LEP: Z + bb (2.2 0) L ]
« ATLAS: yy (1.7 o)
° CMS: ‘)/y (2.9 O') 104? gﬁf\ﬂrﬂigﬁnaw—obsemad _g
- Hoyy ]
°® CMS: TT (2.4 O_) 10_32_— .............................................................. _é
ST Tee w0 00 T
m,, [GeV]
. WS ey 192200910 oMS sy
d LEP ; H— vy — Observed —e— Observed
o 0.9:— 2L e Expected
0.8 E— . eededr ° [ 68% expected
- U Expected + 20 10 [ ] 95% expected

107"

served. ..o b
Expected for signal plus background.
pected for background

102

3o

10 A III N I 10°
80 85 9 95 100 105 110 115 120
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2 —4 MR | L L L TR SR | 1
my (GeV/cY) 70 75 80 8 90 95 100 105 110 9 75500 200 300 1000 2000
my (GeV) m, (GeV)
-]
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Direct hints at 151.5 GeV

* Hints for a resonance decaying to yy, Zy in associated

production, most significant with ETSS
* New Scalar (Higgs) boson? Relation to DM?

35.9 o' (13 TeV)
T T T T I T T T T

% 100 I ' ' ' ' I ' ' ' ' ' ' ' miss pu— > [ T | T T | T T T T | T T T T I ]
0] B TLAS Low E7™ BDT loose & - CMS H— Zy— lly —e— Data ]
[ Vs =13 TeV, 139 fbo"! t o Daa 1 I 30k Lepton ta Back .
L0 80 N s= ev,logib .. Non-resonant Bkg ] @ N p 8 ackground mode ]
E}'_ B Fitted Signal 1 = i P 21 st. dev. ]
..9 — SM Higgs + Non-resonant Bkg — 5 25 - +2 st. dev. _]
c P Total . N i
o 60 — - Expected signal x 10 .
o F : 20 -
40— ] 15 :_ J _:
20— — 10 H }l =
B 1 M| b L | B % H
S 2B T | 2 S AR | TR UL SR SR A | SRR SLAY A E N ’l‘ l
é 0 %* | + l + | + | | + ‘ . + * + J{ JT.§ 0 T (T U KNS SN T TN SN NN WA TN SR talti AN Wt SN SN N Tt WA ;_
L P 120 130 140 150 160 170
© 120 140 1 my, [GeV]
a m,, [GeV]
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Statistical analysis

[S. Bhattacharya, GC, A. Crivellin et al.]

~95 GeV (S")
* 7T and WW added on the previous combination using
Fisher’s combined probability
* LEE included with LEP results (trial factor)

~ 151.5 GeV ()

* Simplified model H —» SS™ with S being SM-like
(associated production)

* 1 DoF for Br(S — invisible) and inclusion of related
trial factor

* Since S is SM-like, no chances to have S - WIWV while
avoiding S = ZZ = additional 1 DoF forS - WW

* (S—>vyy)+yand (S - yy)+ =1j + j, not predicted
by the simplified model = additional 2 DoF
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https://inspirehep.net/literature/2673376

WW analysis

No dedicated BSM search for gg - H - WW with full
luminosity and including 90 GeV for the range of my

[GC, A. Crivellin, B. Mellado et al.]

CMS (2206.09466) and ATLAS (2207.00338) analyses available
for SM Higgs (135 fb™1)

< - ;

Re-casting analyses to search for g

new scalars

Simulation with > O-jet

MadGraphS aMC@NLO » Different flavour opposite
o sign lepton pair

(Pythia8, Delphes)
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https://arxiv.org/abs/2206.09466
https://arxiv.org/abs/2207.00338
https://inspirehep.net/literature/2632801

WW results

* Observed limit is weaker than expected over the whole
mass range (preference for BSM = 20)

N 20 j
O 1o
M best fit

—
o

O
00

o o
ELN (o)}

o
N

o
o

120 140 160 180 200
my [GeV]

100

olpp — H—- WWY = v v] [pb]
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pp — tt differential distributions

(2303.15340)

The uncertainty associated with the matrix element generation is estimated using MApGrapu5_aMC@NLO
[36] interfaced with PyTHia 8.230 as an alternative generator, with the A14 tune and the NNPDF2.3 set of
PDFs for the underlying event, parton shower and fragmentation. Since the ‘matrix element correction’
(MEC) in PyTHnia 8.230 is switched off in this simulation [37], a sample of PowneG+PyTHIA 8.230 events
with MEC switched off, with the same PDF sets as the nominal Pownec+PyTHia 8.230 generator, was also
produced for comparison with MADGraPHS_AMC@NLO. In order to estimate the uncertainty associated

with the modelling of fragmentation and parton showering, a sample was generated with Powneg interfaced
with HErwiG 7.0.4 [38, 39] with the H7UE tune [40] and the NNPDF3.0 PDF set.

Additional samples using alternative generators were produced for comparison with data. These in-
clude PowHEeG interfaced with HErwiGc7.1.3 [41], MADGrAPHS_AMC@NLOQO interfaced with HEr-
wiG 7.1.3, and PowneG+PyTHia 8.230 with the PDF4LHCI15_nnlo_mc set [33, 42]. Finally, a reweighted
PowneG+PyTHIA 8.230 sample was generated. The reweighting is performed on the top-quark pt variable,
using the kinematics of the top quarks in the MC sample after initial- and final-state radiation. The
prediction for the top-quark pt spectrum is calculated to next-to-next-to-leading order (NNLO) in QCD
with NLO EW corrections [43, 44] with the NNPDF3.0 QED PDF set using dynamic renormalisation
and factorisation scales mt /2, i.e. half the top-quark transverse mass,” for the top-quark pr as proposed
in Ref. [43], with m, = 173.3 GeV. The reweighting was applied such that at the end of the procedure
the reweighted MC sample is in good agreement with the higher-order prediction for the reweighted
variable [45]. This sample is referred to as being reweighted to the NNLO prediction in the remainder of
the document.
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https://inspirehep.net/literature/2648096

pp — tt : statistical fit

O'%\TP/O'NP NP signal bin by bin
Iy = U-SM/OSM » normalized to SM (as
2 ATLAS did)

Chi squared fit:

(az)+ expri — 1) pij)(az; +enpry — 1)
RSy SR TR

(] Correlation matrix computed
MC/Data from MG5 simulation

1,7=1

NP cross section
extracted from fitted
signal strength

- EXP
ONP ~ ENP E ri0; »

2
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pp — tt: meH

m%* [GeV]

1165. 25. 35. 50. 70. 100. 150. 200. 300. 500. 800.

m® bin no.

15.
1.10

m [GeV]

25. 35. 50. 70. 100. 150. 200. 300. 500. 800.
Sl e E o I

- I_I |
5 10 15 20

m bin no.

m®# distribution normalized to the total cross section a(pp — tt)
— in average, NP hypothesis is preferred over the SM by > 5.80
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— aMCeNLO+Her7.1.3

--- aMC@NLO+Her7.1.3 (SM)

—— Powheg+Herwig7.0.4

- - - Powheg+Herwig7.0.4 (SM)

— Powheg+Pythia8

- -- Powheg+Pythia8 (SM)

—— Powheg+Herwig7.1.3

- -- Powheg+Herwig7.1.3 (SM)
aMCe@NLO+Pythia8
aMCe@NLO+Pythia8 (SM)

—— Powheg+Pythia8 (rew.)

- - - Powheg+Pythia8 (rew.) (SM)

— Average

--- Average (SM)




* The yy signal for 151.5 GeV

The A2HDMS Model: PHENO

[GC, A. Crivellin, B. Mellado]

WW excess at 151.5 GeV
cannot be explained by only
a real Higgs triplet

is mostly in association
with additional ET"**°

Adding branching ratios to
invisible for Sg¢

BT(A?51.5 — ) (%]

0.5

0.4L
0.36
0.2k

0.1%

S Wy
= AL «ifi
|+ Y W=/~
N | Y g T T \
=
X
2> 20
ég%@ 77 inclusive ( lo)
QO}
<o
I 1 1 1 I
D 15

Br(Sos — Xx) []

25

If Br(Sgs — jyx) = 0 = agrees with ATLAS for pp — (Ag51_5 — V)/)Ailsl_s
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https://inspirehep.net/literature/2741845

The A2HDMS Model

[GC, A. Crivellin, B. Mellado]

Ps 2

P2 2

®1 2

A 7
WwWw

ttW (ttZ)

Y = 0 = weak flavor bounds

Direct hints

my, = (A) = 0(GeV) /

Resonant tt



https://inspirehep.net/literature/2741845

The A2HDMS: A4-OO

[GC, A. Crivellin, B. Mellado]

b, 9 0 + / — Sos 19 ttA — it cluded)
. 2 1/2 | +/- SM |

b1 9 1/2 —/+ | Hago, Hing, Asoo

A 3 0 —/+ | A5 A5 L0

0.8

R T
thH= — thbt (my+ = 400 GeV, Br[H= — SA*T | = 0)

7 0.4
B o(A — HZ) < 600 fb
021
* Explains resonant g ' R T
_p 270 280 290 300
tt excess at 400 GeV (3.50 local)
mpy [GeV]
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https://inspirehep.net/literature/2741845

_I_
The A2HDMS Model: HZ 400

[GC, A. Crivellin, B. Mellado]

| Bielc | 50 || 0 | 212 || Bl el |
qbs 2 0 +/— Sg5
b2 2 1/2 | +/- SM
b1 2 1/2 —/+ | Haoo, Hiyp, Asoo
A 3 0 | —/+ | Alis AL, * Avoiding constraints on

tbH;, — thbt
by opening the channel

Z Hfoo - A15151.5 Sos
+
Az151.5/,/‘61:‘/’-f;
* 400 fb allowed at the 20
. b level for ttW (ttZ)
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