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1. Evidence for a light Higgs boson
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LHC Seminar
Measurement of Higgs boson production and search for new resonances in
final states with photons and Z bosons

by Chiara Arcangeletti (INFN e Laboratori Nazionali di Frascati (IT))

Tuesday 6 Jun 2023, 11:00 — 12:00 Europe/Zurich
@ 500/1-001 - Main Auditorium (CERN)

New ATLAS result on the low-mass Higgs search in pp — ¢ — vy

Sven Heinemeyer, Second ECFA Workshop on e-+e- Higgs/EW/Top factories (Paestum), 11.10.2023 3



LHC Seminar

Measurement of Higgs boson production and search for new resonances in
final states with photons and Z bosons

by Chiara Arcangeletti (INFN e Laboratori Nazionali di Frascati (IT))

Tuesday 6 Jun 2023, 11:00 — 12:00 Europe/Zurich
@ 500/1-001 - Main Auditorium (CERN)

New ATLAS result on the low-mass Higgs search in pp — ¢ — v
180

[ I|IIII|IIII|IIII|IIIIIIIIIIIIIIIIIIIIIIIIJ
’ 60:— ATLAS Preliminary — Observed CL limit

- Vs=13TeV, 140 fb™ o

LT T Expected CL, limit
140 H->7y

— - Expected £t 16
120

Expected £ 2 ¢

100
80

o, x B(H— 77)95% - [fb]

60

40

20F
OI:I 11 | | I | | L1 1 1 | 1 1 1 1 | 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1
70 75 80 85 90 95 100 105 110
= higest “excess” at 95.4 GeV my [GeV]

Sven Heinemeyer, Second ECFA Workshop on e4e- Higgs/EW/Top factories (Paestum), 11.10.2023 3



Full Run 2 results from CMS: excess at 95.4 GeV [CMS '23]
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New CMS/ATLAS comparison: [T. Biekétter, S.H., G. Weiglein '23]

obs. 95% CL e Type II
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= agreement between ATLAS and CMS!
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New CMS/ATLAS comparison: [T. Biekétter, S.H., G. Weiglein '23]

obs 95% CL e Typell
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— agreement between ATLAS and CMS! pyy = 0.247909 (3.10)
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LEP: etTe™ — Z¢p — Zbb (20) CMS: pp = ¢ — 777~ (2.40)
10° CMS Prelimillnaryl 138 fo! (13 TeV)
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= ~4.60
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2. Possible model interpretation

+++ Sylag
+ -
+ t - -
+ + - -
- - _
+g, - d
+ —

Sven Heinemeyer, Second ECFA Workshop on e4e- Higgs/EW/Top factories (Paestum), 11.10.2023 7



Toy example: N2HDM [S2ZHDM similar with complex singlet]
Fields:

b = gb:_ll_ br = qbél_ dPg=wvg+p
1= . P2 = - TS T e
%(m + p1 +in1) \%(vz + p2 + in2)

Potential:
D 2 2 2 2 .1 A1, .t >, A2, 4 5
Vo= miq| @1 +mBs|@ol® — mix(®@ o + he) + HP P + () P0)
A
FA3(DL D) (PLds) + Mg (Pl b)) (Dhdy) + 35[@‘1%)2 + h.c]

1 5.2 A4 , A7 2, 78 2
‘|‘5m5¢5 + ECDS + E(q)]icbl)cbs + ?(Cbgq)Q)q)S

Z> symmetry: &1 — P71, o — —Py, g — Pg
Zh symmetry: &1 — ®;1, Py — Py, g — —Dg (broken by vg = no DM)

Physical states: hi, ho, hs (CP-even), A (CP-odd), H* (charged)
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Extension of the Z>, symmetry to fermions determines four types:

u-type d-type leptons

type I P P P
type II Py OF] P4
type III (lepton-specific) o P P,
type IV (flipped) Po P4 b,

= exactly as in 2HDM

Three neutral CP-even Higgses:

(hl\ (Pl\

Calca2 8a16a2 8062
h2 — R p2 9 R — _(Ca18a28a3 _I_ Salca3) Calca3 — 804180428043 Ca28a3
\ h3 ) \ pS )  ConfazCos _I_ SouSas _(Ca18a3 + 3a18a26a3) Ca,Cas
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Coupling to massive gauge bosons: (identical for all four types)

ch,vv = cgRi1 + splio

h1 CaCh—aq
ho —cg_qqSazSaz + CazSg—ay
h3 —CazCB_qqSas — SazSf—aq

Coupling to fermions: (same pattern as in 2HDM)

u-type (cpt) d-type (eppp) leptons (cp.r7)

type III (lepton-specific) éf? % ﬁ
type IV (flipped) i i é
5B e 53

“Physical” input parameters:
a123, tang, v, wvg, Mhio3s> MAS My, m%z
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Needed to fit the vy and bb excesses: mp, ~ 95 GeV, my, ~ 125 GeV

- Ci211VV strongly reduced for s, ;

— ¢p,pp reduced to enhance BR(h1 — v7)
— ¢pq ¢t NOT reduced for i

Decrease ¢, ,; No decrease c;, ;7 No enhancement ¢, .7

type I (52) ) (h2) (fuz)
type Il (F21) ) (f12) :-) (1)
type L (F2) :) (2) ~( (fa)
pe IV (D) ) (f12) ) (f2)

Type II and IV: ¢y pp and cp 4 INdependent
Type Il vs. IV: ¢, Can be suppressed or enhanced
= only type II and IV can fit the vy and bb excesses

= 77 excess may decide between type II and IV
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S2HDM type II vs. type IV [T. Biekdtter, S.H., G. Weiglein '23]

AXTos
—2 0 2 4 6
e ——
Type 11 " Bas o = 14615 ]

0.20 F

0.15 f

0.05 f

Color coding: x%,5 from HiggsSignals
= both type II and IV can fit the vy and bb excesses
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MTT

S2HDM type II vs. type IV

[ T. Biekotter, S.H., G. Weiglein '23]

AX%%
—2 0 s 4 6
L vV SE A " Type 11-
0.6F \ & ype 11+
: \ o X325 M = 146.15
N e
\\/ 3

0.4 F .

MTT

0.6

Color coding: x%,5 from HiggsSignals
= only type IV can fit marginally the vy and 77 excesses
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3. Physics opportunities at eTe~ colliders

What can we learn from future measurements?

— LHC hAqo5 coupling measurements
— HL-LHC hjo5 coupling measurements

— ILC hio5 coupling measurements

— direct production of ¢gg at the LHC
— direct production of ¢g5 at the HL-LHC
— direct production of ¢gg at the ILC

— ILC ¢g5 coupling measurements

— production of other BSM Higgs bosons at the LHC/HL-LHC/ILC/. ..
ILC = ILC (or other eTe™ collider)
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Example for discovery potential for new light states:
Sensitivity at 250 GeV with 500 fb-1 to a new light Higgs

o N2 [P. Drechsel et al. ’17]
(QHSMZZ ) Indirect LHC
Ty v ™ sensitivity from
: measurements of the
Higgs at 125 GeV

Excluded

from 0-100f —— measured, LEP [(mH)

LEP — | —— recoill, ILC [y (mH)

searches —— traditional, ILC [',(mH)

v —— LHC limit
0.010}
Could : |
probe _ G . H ggs )
the I . o sensitl
“CIVIS/ Higgs factory sensitivity: Recoil n d
bump”o'um 3 h — bb search _
at 95 20 20 80 80 100 120 140 760 7
A My /GeV
GeV )
e

”
g
”

= Higgs factory at 250 GeV will explore aﬁi;arge untested region!
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Search for invisibly decaying light Higgses via recoil method: [Y. Wang et al. 18]

@250 GeV ILC with 2000 fb' luminosities
>3000d_' ' LD p.relilmin.ary; I

Ge

200
M. (GeV/c?)
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h1o5 coupling measurements at the HL-LHC/ILC

| T. Biekotter, S.H., G. Weiglein '23]

E S2HDM: 0.23 < Py < 04T, AxToy <618 oo
E . Typell -+ HL-LHC S
1.000 F Py i
L« Type IV == ILC250 Lo
0.975 F . ;
_:> L e o o ¢ 00" .. ° .'.
%ﬂ MR R
§0950: '...;.:.‘.":; :..r.. . °-.-.
&) . n ° :.: o® P ¥ o 9% ¢ .® -
e o °g9d o & o o
C 3 ®0 0 % ”“..'; ° .
0.925F % Qﬁi‘l}a : E
) N 1 0“'0;.0 ¢
[ ’ ° ° 0'0' \”
L e &
. d
0.900 f Py :
0.75 0.80 0.85 0.90 0.95 1.00
|ch125T+T_|

= both types show some deviation from SM
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Production of the light Higgs at the ILC:

"k :
107 E 1
= E
T; =g |
Eﬂ: : I.lllllllllllllllllll-llllllllllll.......!
100 E
[ e [ EP observed 95% CL excl.
) [ = =« LEP expected 95% CL excl.
077 F w a u ILC250 expected 95% CL excl. 3
: i = 2.30
e Xae < 230 Type ll: y~ < Lam}
lﬂ—i-l ......... | T T RN TR R N | TP L P [P
B0 70 R0 a0 L0 110 120

= new state easily in the reach of the ILC = coupling measurements
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hgs coupling measurements at the HL-LHC/ILC
[ T. Biekétter, S.H., G. Weiglein — PRELIMINARY]

s _ 3 a9 ) 3
o  Typell: ¥° < vapq, v < 2.30 : ]
) o Type V: x° < ¥5, Xoe < 2.30 ! .
ir 3
i :
[ ]

ﬂ L
= 5 ;
g :
H| [ 5
= 4k 1
S| £ 4F g
o g ;
S 3
.|
' :
2 f I :
of |

| x = bb =TT L = g4 r=WW =27 -
= Clear difference in g, ., as expected
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hgs coupling measurements at the HL-LHC/ILC
[ T. Biekétter, S.H., G. Weiglein '23]

0.45 |

0.40 |

0.25F

= models clearly distinguishable!
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4. Conclusinos

e Evidence for a Higgs boson at ~ 95.4 GeV
— pp — hgg vy = CMS: 290, ATLAS: 1.70
— ete™ = Zhgs — Zbb = LEP: 20
— pp > hgs 7177 = CMS: 240
— NO LEE (as theorist I am allowed to add naively)

= ~4.60

e Possible model interpretation:
N2HDM or S2ZHDM: two Higgs doublets plus a real or complex singlet
= possible explanations: vv, bb: type II/IV, 7r: type IV only

e ILC250: analysis of hios:
— precision measurements of couplings can distinguish N2HDM vs. SM
— possible distinction between type II and IV

e ILC250: analysis of hgs:
— hgg Ccan be produced abundantly
— precision in couplings: 1-8%: g, best from production
— coupling measurements (77, ZZ) clearly distinguishes type II and IV
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SUSY realizations

What about SUSY??
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SUSY realizations

What about SUSY??

= type Il is needed for SUSY
= 77 excess most strongly in contradiction with other measurements

= leave 71 excess out for a moment ...
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= models with an additional singlet??
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SUSY realizations

What about SUSY??

= type Il is needed for SUSY
= 77 excess most strongly in contradiction with other measurements

= leave 771 excess out for a moment . ..

= models with an additional singlet??

— NMSSM
— puvSSM
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SUSY realizations

What about SUSY??

= type Il is needed for SUSY
= 77 excess most strongly in contradiction with other measurements

= leave 771 excess out for a moment . ..

= models with an additional singlet??

— NMSSM
— puvSSM

Q: Can the models fit the excesses despite the additional SUSY
constraints on the Higgs sector 777
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What about the NMSSM?

Parameters:

A =06, kK = 0.035, tan B8 = 2, perr = (397 + 15z) GeV, My: = 1 TeV,
Ax = —325 GeV, MSUSY =1 TeV, At = Ab =0

¢ = ['[h; — ZZ]-BR[h; — bb] olete — Z(hy — bb)]
= — -
[Hsm(My, ) — ZZ] - BR[Hsm(Mp, ) — bbbl olete” — Z(Hsm(My, ) — bb)]
: [Thy — gg] - BRI — yy] . Olge >l oyl
77 T[Hsm(Mp,) — ggl - BRIHsm(Mp,) = vyl olgg — Hsm(Mp,) — vyl
| S I S I S N T [ R T A TR T 1F ' !
0.500¢ 0.5001
0.100¢ ﬂ,lﬂﬂ[
e 0.050 1 0.050
0.010¢ 0.010f
0.005¢ 0.005F
9—1 Qlﬁ HIS 1(:}[1 9.4 gf) qS 1('}[]
M, (GeV) M, (GeV)

= both excesses can be fitted simultaneously well with new p-!
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What about the urSSM?

pvSSM: [D. Lopez-Fogliani, C. Mufioz '06]

urSSM: NMSSM + well motivated RPV (in simple terms)
= EW scale seesaw to reproduce the neutrino data
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What about the urSSM?

pvSSM: [D. Lopez-Fogliani, C. Mufioz '06]

urSSM: NMSSM + well motivated RPV (in simple terms)
= EW scale seesaw to reproduce the neutrino data

Can the urSSM explain the two excesses?
[T. Biekotter, S.H., C. Mufioz '17]

VL b AY tan [ A A K AF M,

V2-105 1077 —1000 2  [413:418] 0.6 956.035 0.035 [—300;—318] 100

u u,d € €
200 1500  800% 8002 8002 0 0 8002 0 0
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Can the urSSM explain the two excesses?
[T. Biekétter, S.H., C. Mufoz '17]

neows N R

027 0.29 0.31 0.33 0.35 0.37 0.12 0.14 0.16 0.18 0.20

_amd _300
3014 -301
3024 302
3034 -303
3044 -304
3054 -305
3064 _306
3074 307
30= _308
= -3 fg _309
~310 -310
3114 311
312§ -312
3134 313
3144 314
3154 315
9164 316
3174 217
3134 318
413 4135 414 4145 415 4155 418 4165 417 4175 413 4135 414 4145 415 4155 416 4165 417 4175
1 1
= Yes! :-)

using the new puy~!
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Why does SUSY prefer the new pi~~7?
| T. Biekotter, S.H., C. Mufioz '19]

0.22 prerrrrr T T T T T T T .
; o - 101

[ I'- E

0.20 F o ]
: ',c" ] L 100

e’ ]
0.18F E 99
0.16 E : 08

o, ' // ] -

T o014k //-‘ ; 97
0.12F f,/ 9%
: e § 95

0.10 F P4 ;

[ '_.;' b
F ] 94

008 -II. |||||||| Lot s aa 1311 Lot aaa a1 Loty g a1 Lot a1 Loty a1 Loty 1111 Loty i1 -

022 024 026 028 0.3 0.32  0.34  0.36
,UCMS

= SUSY enforces strong correlation!
= LEP excess enforces p~y < 0.35
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How to evaluate the precision of ¢gg5 coupling measurements?

Start with data of the SM Higgs:

SM Higgs BRs:
final state bb gg Trr— WwW* Oz
BR 0.582 0.082 0.063 0.214 | 206 fb

SM Higgs coupling uncertainties:
ILC, Lint = 2ab~ ! at /s = 250 GeV

coupling bb gg Tt WW | ZZ
rel. unc. [%] | 1.04 1.60 1.16 0.65 | 0.66

SM Higgs S/B:
coupling | H bbb H—>g99g H—7tr H—->WW o7
S/B 1/0.89 1/13 1/0.44 1/0.96 | 1/1.65
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Some more basics:

f:=S8/B=Ng/Ng

Holds is background is known perfectly and the overall uncertainty is
dominated by statistical precision

Uncertainty improves with 1//Ng for f =S/B>1

Cross section for ¢gs5:

oleTe — ¢Z) =ogpm(eTe — ZH¢95) X |C¢Vv|

osm(ete™ = Z HZ%®) = 0.332pb
= O <1O5) $g5's can be produced at /s = 250 GeV and L+ = 2ab~1

Sven Heinemeyer, Second ECFA Workshop on e+e- Higgs/EW/Top factories (Paestum), 11.10.2023 29



Evaluating uncertainties:

e Coupling is measured via decay
A new Higgs boson ¢ couples with g, to xzx

(¢ — zx) x gazj
BR(¢p — xzx) =: 1/p
AN A 1
5 — 9 9x (1 - _)
Ng gz p
e Coupling is measured via production: gy

ocleTe™ — Z¢) x g%

ANg 5 Agy
Ng gz
e Final assumption: N N
S S -
(—) / (—) = fu/fp=:D
N/ \NB/4

with D = 3 as starting point
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Evaluating uncertainties of ¢gs5:

e Coupling is measured via decay

) -E Gb

D+ fy \/0(6 e~ — ZH) \/BR(H—>a;a:) (1 — BR(H — zz))

1+ 4 o(ete — Zo) BR($ — zz) . (1— BR(¢ — z2))

e Coupling is measured via production: g, (S/B does not change)

(ANs)
(%) _ (%) N5 g
qgz & 97 ) H (AN]ZS)H
. olete™ = ZH)
"\ o(ete — Zo)
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N2HDM: dependence on D = fg/f4: [S.H., P. Toledo '20]

Incertidumbre relativa (hl — bb en funciéon de D Incertidumbre relativa (h; — 7777) en funcién de D
Sr 4.5 -
— Tipo II 50 « TipoIl p !
X 4 . TipoIv 4r Tipo IV rEIE -
L i L §O3
w0 4 . 35 N 3 ! ]
S 5 !
i - 71}
— 3 T st I I I
& 5
25} < 2r
/:‘“: 2t E 15+
= >
~ 15 q/ = r I | I
S’
1 L 1 L J 0‘5 L 1 1 L 1 1 1 1 1 1
0.5 : 2: 3 3 5 4 4.5 5 55 0.5 1 125 2 25 3 3.5 4 4.5 5 5.5
Valor del factor D Valor del factor D
Incertidumbre relativa (h; — gg) en funcién de D Incertidumbre relativa (hy — W™W™) en funcién de I

7r 7r

Tipo II
6F| + TipolIV

O
—~ é « TipoII
5 ~ gk| =+ TipolV
Lo |
= ||| =
> 5f T sl
r 4t
" -
S = 3r g o0 ¢

S

w

= =
= 2 —2F
N’ oy -
q|=
1 Il 1 Il 1 1 1 Il | 1 ] ~ / 1 1 1 1 1 1 1 |
0.5 1 1.5 2 25 3 3.5 4 45 5 5.5 0.5 1 1.5 2 25 3 35 4 4.5 5 55
Valor del factor D Valor del factor D

= non-negligible, but small = “robust” result
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