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Higgs and BSM Phenomenology

Sven Heinemeyer, IFT /IFCA (CSIC, Madrid/Santander)

Cosener’s house, 07/2019

1. Basics of the Higgs

2. BSM Higgs physics (theory)

3. Higgs boson(s) at the LHC

4. Further BSM phenomenology
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Higgs and BSM Phenomenology
Higgs boson(s) at the LHC

Sven Heinemeyer, IFT /IFCA (CSIC, Madrid/Santander)

Cosener’'s house, 07/2019

1. The LHC
2. The SM Higgs boson at the LHC
3. MSSM/BSM Higgs boson searches at the LHC

4. My favorite anomaly: a Higgs boson at 96 GeV
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1. The LHC

LHC:

pp collisions at /s < 14 TeV 5 sk )
R R S i g
— 27 kKm circumference
— two general purpose detectors:
ATLAS and CMS
— one B physics detector: LHCDb
— one heavy ion detector: Alice
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The (un)official (optimistic?) LHC time line:

03/2010: first collisions at record breaking energy

2010: <0.05fb~1 (at /s =7 TeV)

2011: ~5fb~ ! (at /s =7 TeV) = first physics results!

2012: ~20fb~ ! (at /s = 8 TeV) = Higgs discovery!

2013 — 2014 shutdown, further splice checks, repairs, ...

2015 — 2018: 40fb~! per year = physics results at /s < 14 TeV

2019 — 2020: shutdown, preparation for “high luminosity”

2021 — 2023: 100fb—1 per year = physics results with “high” luminosity
2024 — 2026: upgrade to HL-LHC

2026 4+ X (X > 0): HL-LHC
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The (un)official (optimistic?) LHC time line:

03/2010: first collisions at record breaking energy

2010: <0.05fb~1 (at /s =7 TeV)

2011: ~5fb~ ! (at /s =7 TeV) = first physics results!

2012: ~20fb~ ! (at /s = 8 TeV) = Higgs discovery!

2013 — 2014 shutdown, further splice checks, repairs, ...

2015 — 2018: 40fb~! per year = physics results at /s < 14 TeV

2019 — 2020: shutdown, preparation for “high luminosity”

2021 — 2023: 100fb—1 per year = physics results with “high” luminosity
2024 — 2026: upgrade to HL-LHC

2026 4+ X (X > 0): HL-LHC

YOU live in an exciting time!!!
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LHC Results: Executive Summary (of Albert's lecture :-)
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LHC Results: Executive Summary (of Albert's lecture :-)

Standard Model has been rediscovered!
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LHC Results: Executive Summary (of Albert's lecture :-)

Standard Model has been rediscovered!

No evidence for BSM physics - yet!
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LHC Results: Executive Summary (of Albert's lecture :-)

Standard Model has been rediscovered!

No evidence for BSM physics - yet!

But a groundbreaking discovery in the Higgs searches!
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Physics at the LHC: basics

pp scattering at /s = 14 TeV

Scattering process of proton
constituents (¢, g, g) with energy
up to several TeV,
strongly interacting

— huge QCD backgrounds,
low signal—to—background
ratios

interaction rate of 109 events/s

— can trigger on only
1 event in 107
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2. The SM Higgs boson at the LHC
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(SM) Higgs search at the LHC: (the minimum to remember)

Important SM production channel at the LHC:

Gluon-Fusion: WBF:

Important decays for Higgs discovery/mass measurement:

7 (%)

W ~ 7 (%)
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(SM) Higgs search at the

LHC: Higgs production:

e Gluon Gluon Fusion

pp— g9 — H

e Higgs-strahlung
pp — W*/Z*ﬁ*- W/Z—l-H

q Z,W

ZW s

[taken from M. Miihlleitner]

e W/Z Fusion

pp—qq — qq+WW/ZZ — qq+ H

e Associated production with ¢t

pp —tt+H

8 wrro———

[ 3
g TTTTL————

dominant
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LLatest theory predictions for the SM Higgs: LHC production XS
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LLatest theory predictions for the SM Higgs: branching ratios
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Various possible “observables’:

— normally given as a function of Mg

e Local pg value:

probability that the observed signal/number of events is caused by
“background only” (i.e. the SM without a Higgs)

® Ocxcl./OSM:

excluded cross section divided by SM cross section:

if for a certain My a cross section smaller than the SM cross section
excluded, this Mg value is excluded, as it would have led to more events
than observed.

e signal strength u:

_ o(pp — H) x BR(H — dd)opserved
o(pp — H) x BR(H — dd")gpm

should be “around 1" to find agreement with SM
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04/07 ATLAS results in search for a SM Higgs: pg combined:

QO =L L L L L L L L
= ATLAS 2011 - 2012 Obe
S (s=7TeV: [Ldt=4.6-4.8 b ee EXp.
/s=8TeV: [Ldt=5.8-5.9 fb" [J+lo
1 s = = Oo
10l e < e 1o
102 Ermnnen, T e 20
10-3 I Ny Ut 30
10%e- s 4
10° 40
10 s s
107 50
10°®
1070 s e 60
1010
10-11IIII|IIII|IIII|IIII|IIII|III~‘LIIIIIIIIII
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m, [GeV]

= Clear excesses for around My ~ 126.0 GeV
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04/07 CMS results in search for a SM Higgs: pg combined:

\s=7TeV.L=51fb" ys=8TeV.L=53fb"
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= Clear excesses for around My ~ 125.3 GeV
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ATLAS results in search for a SM Higgs in ~v:

:. .—'I ] I T T T T I T T ] T ] T L] T T ] T T T T I ] T T T ]
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S - —— Signal + Background m,=125.09 GeV
© o i =
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=- clear signal around My ~ 125.1 GeV

Sven Heinemeyer — Higgs/BSM pheno lecture @ NExT PhD WS (Cosener’s house) 11.07.2019 11I/17



CMS results in search for a SM Higgs in ~~:

CMS 35.9 fo' (13 TeV
200 T T T T I (I Tt f P [ EE LGt T e e e 1y
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" B component subtracted

=- clear signal around My ~ 125 GeV
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ATLAS results in search for a SM Higgs in ZZ*:

> 60 [ [ [ | [ [ [ | [ [ [ | [ [ [ | [
Q B ¢ Data i
O - ATLAS Higgs (m, = 125.09 GeV)
L0 B * . Zz* ]
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= Clear excesses for around MH ~ 125 GeV
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CMS results in search for a SM Higgs in ZZ*, 08/16: [CMS '18]

CMS Preliminary 41.5fo" (13 TeV)
% LI | 11T T rrrni ] I L 5 T rnd | LR | LI

- ¢ Data ]
(ca 100~ [TJH(125) o
S i [ag—2Z,Zy* |
0 i Bgg—-ZZ, Zy* |
c | HZ+X N
o 80
> = —
LL 5
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m,, (GeV)

= Clear excesses for around My ~ 125 GeV
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Other channels: H - WW*

q
|44 |44
g L q
b vV
|4
Iy w* 4 , W
I | I ! |
ggF production VBF' production
|44
W*

VH production
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Other channels: H - WW*

35.9 b’ (13 TeV)
T T T I T T T T I T T T | T
- Preliminary
- ggH p=1123023 .
- qqH p=1.13 25 1
- WH n=339*'58 1
- B —
- ZH u=123%'22 1
B Combined 1=1.24 )7 7
] 1 1 1 I 1 J 1 1 1 I 1 1 | l
-2 0 2 4 6

Best fit u = G/O'SM

= strong confirmation in the H — WW™* channel

[CMS 18]
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Other channels: H — bb

A N AR LN LA L SR AL I
ATLAS VH, H(bb)  1s=13 TeV, 36.1 fb

— Total Stat. (Tot.) ( Stat., Syst.)

oL (S 0.45 :f,’j;’f (Z037 » “034 )

iL H e — 143 05 (%035 ‘ous )
+0.78 051 +0.59

2L F—e— 1.90 sy (To49: 042 )

Comb. e 1.20 :3;32 ("0%3 » o058 )

L1 1 1 E | I I | L1 11 I | I I | | L1 1 | I L1 1 1 | [ I | I | | | [ I |

—1 0 1 2 3 4 D 6 7 8
Best fit u°° for m =125 GeV

= close to SM predictions
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Other channels: H — bb

ZH(bb)

W= 0.9+05

WH(bb)

w=1.7+07

0 lept.

1 lept.

n= 191086

2 lept.

n=18=x06

_‘|IIII

35.9 b (13 TeV)

CMS

pp — VH;H — bb
Combined L =12+ 0.4

= close to SM predictions

Best fit u

[CMS 18]
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Other channels: H — 7t~

L L L L L L BN LN L LR L
ATLAS Preliminary Vs=13 TeV, 36.1fb™
—total —stat. — SM exp.
total (stat., syst.)
Boosted cat. +1.54 +0.78 +1.33
——— = 3.92 133 (—o.?? ' 108 )
VBF cat. +1.61 +0.89 +1.34
ca ————t 3.37 N (oo, t)
Combination P +1.06 +0.60 +0.87
3.71 -0.95 (4).59 ’ 0.74 )
IIIIIII|III|III|IIIIIIIIIIIIIIIIIIIIIII
0 2 4 6 8 10 12 14 16 18 20
GH%TT [pb

= well compatible with SM prediction
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Other channels: H — 77— [CMS 18]
35.9 b (13 TeV)
i S

L 1
- CMS
- Preliminary

+0.53 .
ggH p=ta2%);

0.45 i
qgH u=113%),5

B _ +1.68 i
WH  #=339 5,

R _ +1.62 i
ZH  ur2a i

| . _ +0.29 _
Combined #=124 ;57

20 > 4 6
Best fit pu = G/O'SM

= well compatible with SM prediction
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Mass measurement, combination of vy and ZZ*:

S 3 L 1 1 I I 1 1 | | | | ] | 1 l | | | | 1 | 1 IAIT’I-AI IHI ] 1 | | I |
E - ATLAS and CMS i ATLAg Hozz st
> - LHC Runt1 s CMS H—yy 4
s 25— CMS H—ZZ—4]  —
% B e — All combined |
[ M % Bestfi ]
[s) o— ) —— 68% CL o
%) N . 1
1.9 .
B s . P _:“ >< "".. ‘l a
= :?... ----- '*,_-: 'l' :
1— % . ?5_'—.—""’ .
O 5 B | 1 | | 1 | | 1 I 1 | | 1 | 1 | | 1 ] 1 | | 1 I | | | 1 I 1 | 1 1 ]

' 124 1245 125 1255 126 126.5 127
m,, [GeV]

= permille level “first” combination
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Latest mass measurement in vy and ZZ*:

L L L L L R
ATLAS ~Total [|Stat. only
Run 1 Vs =7-8 TeV, 25 fb™, Run 2: ¥s = 13 TeV, 36.1 fb™ Total  (Stat. only)
Run 1H -4l t ° : 1 124.51+ 0.52 ( £ 0.52) GeV
Run 1H - yy ; . 1 126.02 + 0.51 ( + 0.43) GeV
Run 2 H - 4l ——e—— 124.79 + 0.37 ( + 0.36) GeV
Run2 H - yy ' =I J 124.93 £ 0.40 ( £ 0.21) GeV
. Runl1+2H-4 —_— 124.71+ 030 (+0.30) GeV
Run 1+2 H - yy ——e—— 125.32 £ 0.35 (£ 0.19) GeV
| Run1Combined ~  &— — 12538 +0.41 (+0.37) GeV
Run 2 Combined L ———— 124.86 = 0.27 ( £ 0.18) GeV
| Run1+2Combined = 124.97 £ 0.24 (+0.16) GeV
| ATLAS+CMSRunl iH """""""""" 125.00 £ 0.24 (£ 0.21) GeV
c o o ey ey ey by Ly
123 124 125 126 127 128
m,, [GeV]

= newer measurements confirm first combination
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Comparison to SM prediction:

[T T 1T | T T | L T T L IIII|II|I T 11T T ]

x - : 3

= My = 90123 Gev Jysp [sui B iter Sl
. SMftwloM, measuement Al < 96

“agreement” at 1.8¢ 355_ ~®- LHC combination [PRL 114, 191803 (2015)] E

3 E

Assumption for the fit: 2— —

SM incl. Higgs boson 15E =
= no confirmation of ] SESU V AU—— R— 15

Higgs mechanism 055_ E

EI 1 1 1 | L 111 | I . | Lt ] | | L 11 1 | L 111 | L 181 | | L1 1 IE

60 /0 80 9 100 110 120 130 140

My [GeV]
= Observed Higgs well compatible with SM prediction (at 1.80¢)
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LHC Higgs Cross Section Working Group: Low Mass (LM) subgroup:

Assumptions (for Runl data):

1.
2.
3.

Signal corresponds to only one state, no overlapping signal etc.
Zero-width approximation

Only modification of coupling strength (absolute values of couplings)
but not of tensore structure wrt. to SM

Recommendations (for RunlI data):

1.

Use state-of-the-art predictions in the SM and rescale the predictions
with “leading order inspired’” scale factors k;
(k; = 1 corresponds to the SM case)

. Most general case: sy, Kz, Kt, Ky, &r, ... D extra loop contributions

to o(gg — H), T(H — gg), T(H = v7), IH tot

. benchmarks:

— one parameter: overall signal strength 2 = 7
— twoO parameters: Ky (= Ky = Ky, Kp = Kt = Kp = Kt = . ..
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Recommendations continued:

Total width I tot Cannot be measured without further
theory assumptions. (This is not a recommendation, but a fact!)

For each benchmark (except overall coupling strength)
two versions are proposed:

with and without taking into account the possibility of
additional contributions to the total width

1) additional contributions to Iy tot are allowed:
= Determination of ratios of scaling factors, e.g. k; mj/nH

2) additional contributions to I tot are allowed:
but assume that all additional decays are “invisible” with MET
= Determination of x;

3) additional contributions to Ny tot are allowed:
but assume that xy, 7 < 1 (fulfilled for Higgs-singlets, -doublets)
= Determination of x;

4) no additional contributions to I g 1ot are allowed: = Determination of x;
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Coupling scale factor results (I):
[P. Bechtle, S.H., O. Stal, T. Stefaniak, G. Weiglein - full Run I

Simplest model: x, BR(H — inv.)

BR(H — inv.)
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Coupling scale factor results (I):

Simplest model: x, BR(H — inv.)

BR(H — NP) = BR(H — inv.)

1.0
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Coupling scale factor results (II):
[P. Bechtle, S.H., O. Stal, T. Stefaniak, G. Weiglein - full Run I

Another simple model: ky,kp, BR(H — inv.)

0.5 0.75 1.0 1.25 1.5
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Coupling scale factor results (II):

Another simple model: ky,kp, BR(H — inv.)

£3
g

BR(H — inv.)
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0.0F
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Coupling scale factor results (III):
[P. Bechtle, S.H., O. Stal, T. Stefaniak, G. Weiglein - full Run I

Probing the custodial symmetry: Ky, kz, kp, BR(H — inv.)

0.5 0.75 1.0 1.25 1.5
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Coupling scale factor results (III):
[P. Bechtle, S.H., O. Stal, T. Stefaniak, G. Weiglein - full Run I

Probing the custodial symmetry: sy, kz, kp, BR(H — inv.)

1.8 T T T
: : : — 15.0
LS| 413.5
g 19 412.0
O SM 110.5
0.9 %  Best — fit 49.0
7.5
A 2
6.0 X
‘ 4.5
i 3.0
15
| 3 0.0
-2 | I i : : : T ! T
D 0.8 _ ,,,,,,,,,,,,,,,, _ ,,,,,,,,,,,,,,,,
EE
/[\
T
na
M
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Coupling scale factor results (IV):
[P. Bechtle, S.H., O. Stal, T. Stefaniak, G. Weiglein - full Run I

New physics in loop-induced couplings: kg, kv, BR(H — inv.)

0.5 0.75 1.0 1.25 1.5
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Coupling scale factor results (IV):

New physics in loop-induced couplings: kg, kv, BR(H — inv.)
2.0 T T T T

e 15.0
' ' ' 113.5
112.0
4110.5
49.0
7.5
0SS 6.0
7 T L 15
. . . . . . . . 3.0
1.5
0.0

1.4

b O SM

0.8

0.5 I I I I | | | |

T N N

02F . i AN

BR(H — inv.)

0.0 |
05 07 09 1.1 1.3 05 08 1.1 14 17 20
Ry Ky
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Coupling scale factor results (V):
[P. Bechtle, S.H., O. Stal, T. Stefaniak, G. Weiglein - full Run I

Very general model: Ky, ku, kg, K], Kg, kv, BR(H — inv.)

Sven Heinemeyer — Higgs/BSM pheno lecture @ NExT PhD WS (Cosener’s house) 11.07.2019 I1I1/40



Coupling scale factor results (V):
[P. Bechtle, S.H., O. Stal, T. Stefaniak, G. Weiglein - full Run I

Kd

%

3.0

251
201
L5
1.0F
0.5}

0.0

1.6

1.2

0.8}

0.4

0.0

1.7F

141

1.1}

Very general model: Ky, ku, kg, K], Kg, kv, BR(H — inv.)
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Rd ke
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Coupling scale factor results (V):
[P. Bechtle, S.H., O. Stal, T. Stefaniak, G. Weiglein - full Run I

Very general model: Ky, ku, kg, K], Kg, kv, BR(H — inv.)

[ = Best fit [general couplings (7D)] k< Measurement | HiggsSignals-1.2.0 (preliminary)

h— WW — tvly (0/1 jet) [8 TeV] | ATLAS re CMS ™ 18 TeV] h — WW — 2020 (0/1 jet)
h—WW 7/ th 1913%) SEex - e [ 18 TeV] h — WW — 202v (VBF)
L = VIV [8 TeV] - 8 —eo—f 118 Tev] h — WW— 2020 (VH
h— ZZ — 4 (VBF/VH like) [8 TeV] | ae—— 12 | {8 Te\/{ Vh s VI (haér' v>)
h— ZZ — 40 (ggH like) [8 TeV] | e - i
h = 7 (conv-entr. high ppe) 18 Tev] |- Eae I —e—o 18 TeV] Wh =WWww —3630
h — v (conv.cntr. low pry) [8 TeV] | —— poim 18 TeV] h— ZZ — 4£ (0/1 jet)
h = ¥y (conv.rest high pr¢) [8 TeV] £ ——y a—i 18 TeV] h — ZZ — 40 (2 jet)
h — v (conv.rest low pry) [8 TeV] | ——t = m——| 4[8 TeV] h — v (untagged 0)
h — 7y (unconv.cntr. high pry) [8 TeV] | —— ——- = 4[8 TeV] h — vy (untagged 1)
h — 7y (unconv.cntr. low pry) [8 TeV] | o - m 1[8 TeV] h — 7 (untagged 2)
h — v (unconv.rest high pr;) [8 TeV] | - ——y ——— m 18 TeV] h — 7 (untagged 3)
h — v (unconv.rest low pr¢) [8 TeV] | o —— = L8 TeV] b — 77 (2 jet, loose)
h — v (conv.trans.) [8 TeV] | i = !
h — 7 (high mass, 2 jet, loose) [8 TeV] |- B e Fre—= {18 TeV] h = 77 (2 jet, tight)
h — ~v (high mass, 2 jet, tight) [8 TeV] | jpo—i - Re—— 118 TeV] & — v (ETmiss)
h— vy (low mass, 2 jet) [8 TeV] | | e 18 TeV] i — 77 (e)
h— vy (16) [8 TeV] | [ — : - 118 TeV] i — vy (1)
h — vy (ETmiss) [8 TeV] | Fo—————— L p———a—i [7 TeV] h — 7 (untagged 0)
h — vy (conv.cntr. high pry) [7 TeV] gy B o1 ——a 17 TeV] b — 4~ (untagged 1)
h — 7 (conv.cntr. low pry) [7 TeV] | B _— ot 117 TeV] h — 7y (untagged 2)
h — v (conv.rest high pry) [7 TeV] | ——— —_ 417 TeV] b = 7 (untagged 3)
h — v (conv.rest low ppy) [7 TeV] | — -
h — vy (unconv.cntr. high pyy) [7 TeV] | —_——— s [7 TeV] A = 7y (2 jet)
h — v (unconv.cntr. low pry) [7 TeV] | (i | B TeV] h = pupu
h — v (unconv.rest high pry) [7 TeV] | = 1044 i 18 TeV] i — 77 (0 jet)
h — v (unconv.rest low pr,) [7 TeV] | [P ! 18 TeV] h — 77 (1 jet)
h — v (conv.trans.) [7 TeV] | } < { e 1[8 TeV] h — 77 (VBF)
h — vy (2 jet) [7 TeV] | Fo——— ——— 18 TeV]Vh — 77
h — 77 (boosted, hadhad) [8 TeV] | —e— = 1[8 TeV] Vh — Vb
h — 77 (boosted, lephad) [8 TeV] | i S @ ——ed[8 TeV] tth — 2( (same sign)
h — 77 (boosted, leplep) [8 TeV] |- —— E 18 Tev] tth — 3¢
h — 77 (VBF, hadhad) [8 TeV] | | , =
h = 77 (VBF, lephad) [8 TeV] | i B (8 TeV] tth — 4
h = 77 (VBF, leplep) [8 TeV] | —— e 118 TeV] tth — tt(bb)
Vh — Vbb (04) 8 TeV] | [N, ——— = 1[8 TeV] tth — tt(yy)
Vh— Vb (10) [8 TeV] | —— = i [8 TeV] tth — tt(r7)
Vh— Vbb (2[) (8 TeV] | ——— t t — :
+ + —t + CDF ] 1h s ww
h— WWw} D@ (= — S —_ sy
h— v} = e h— 7T
h—717)F ————— —— AVh = Vbb
h—bbl [ — SR d )
-4 -2 0 2 4 -4 =2 0 2 4
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Measurement of the Higgs boson spin

= first results from the LHC:

-B‘ EI I'TT | IrTTT | TTTT | TTTT T TT T TTT ‘ IIII|IIII|IIII llIIE
'g 103 g_ ATLAS —— Data —g
Investlgatlng the (iecay 2 102k E;:ﬁ,hdt=2o_7fb_i Signal hypothesis 5
H_>777Z27WW 8 - H - 77 - 4 — P -0 5
» 10 ‘k:s=7TeV][Ldt=4.6fb'1_1 5 . , o
comparing predictions . . . = - s=8Tev JLdt-20.7 15 - =27 15=0% 7
c 1 H—> WW* - evuv/uvey =
s = Vs =8 TeV [Ldt = 20.7 fb” =
g =log (£L(OT)/L(2™)) Z 10F 7
| 102E :
= Spin O clearly preferred - =
10°F E
104F 3
105k * \
5 R
10'6 L1 11 %\ﬁi{‘nl |hllllgll
-25-20-15-10 -5 0 5 10 15 20 25

q

Sven Heinemeyer — Higgs/BSM pheno lecture @ NExT PhD WS (Cosener’s house) 11.07.2019 111/43



Measurement of the Higgs boson spin

= first results from the LHC:

Investigating the decay
H—~y, 22 WW*

comparing predictions ...
g =log (£L(O1)/L(2™))

= Spin O clearly preferred

- ATLAS

L H — vy
" Vs =8 TeV [Ldt =20.7 fb™

40

30HFH — z2Z* — 4l

| Vs=7TeV [Ldt=4.6fb"
- Vs=8TeV [Ldt =20.7 fb"

20H - WW* — evuv/uvev
| Vs=8TeV [Ldt=20.7 fb"

=i
|?|||

® Data

7))
T
5
b

Signal hypothesis . o

7
Iqllll

® JF -0

I

\

\
i

75 100
f (%)
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Has a Higgs particle been discovered?
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Has a Higgs particle been discovered? YES!
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3. MSSM/BSM Higgs boson searches at the LHC

+++ Suliags
+ -
+ t - -
. +.+ -‘-
+ W - ]
+ G, - g
+ -
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We have a ~ 125 GeV SM-like Higgs boson

= What are the options?

1. Decoupling limit:
Mg > Mz = the light Higgs becomes SM-like

2. Alignment without decoupling:
— a CP-even Higgs becomes SM-like due to an *“accidental”

cancellation

3. Heavy Higgs SM-like: (in the "“alignment w/o decoupling” scen.)
= is the case with the heavy CP-even Higgs being SM-like
(still) a viable solution?
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Obtaining a light Higgs with SM-like couplings

[J. Gunion, H. Haber, hep-ph/0207010]
— CP conserving 2HDM in the Higgs basis ({(H1) = v/v/2, (Hy) = 0)
V= . +321(H{H)?+. . .+ [325(H]H2)? + Zs(H]H1)(H{Hp) + h.c.|+...

= CP-even mass matrix;:

Zev? M2+ Zsv?

with mixing angle cos(8 — a) = cg_,,

Decoupling limit: M2 > Z;v?
= m2 ~ 7102, |cg_o < 1|, h is SM-like

Alignment limit: Zg = 0 and Zy < Zs + M2 /v?
= h is identical to the SM Higgs, Cg—q = 0
Ze =0 and Zy > Zs + M3 /v?
= H is identical to the SM Higgs, Ch—q =1
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Alignment limit: see e.q.

In the MSSM Zg = 0 can be obtained through an “accidental’’ cancellation

between tree-level and loop contribution

Example: m't scenario: Compare: m;?Od*' and mi't
A¢/Ms = 2.45, Ay = Ay, 0 O
MS pr— mf Z 1 Tev, mg p— 1.5 Tev' 7 95% C.L. Scaled Exclusion .': /'l:l' //l
----- o(ggh)xBR(h—»VV)/SM : ,I 'l /I
Mo = 2 M1 = 200 GeV, p adjustable 25! ; S
= SM-like Higgs for all M4 L™
20 e P[]
tan g ~ | A
an g = | -
3m2 ;2 A2 g o ;
2 2 my H ¢ 15} o : !
Mj + Mz + 5> 50 2_1 ’ i | !
i 47T U MS 2MS | /,::: ::::: '_ ':'
- a0 2 e :
3mi pAy [ Aj _q 0.
47292 M2 \6 M2 i
_ S S ; “or] VR /
5’ : AN /' \ /'I
200 250 300 350 400 450 500

my (GGV)
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Alignment limit: see e.q.

In the MSSM Zg = 0 can be obtained through an "“accidental” cancellation
between tree-level and loop contribution

Example: m}TOd+ scenario: mg - scenario with HiggsSignals :
Ai/Mg = 2.45, Ay = Af, - my, 2" scenario (u=3Mg) riCHS;O
Ms =mz>1TeV, mz=1.5 TeV, —— 95%CL A
Feynﬁlggs—Z.lD.%
Mo = 2 M1 = 200 GeV, u adjustable g;;g;;;is_l.j‘o
. . S L 15
= SM-like Higgs for all M4 iy
tan g ~ =TT 9 E—- ;
I 2 2 A2 S i 0
3mi
M2 M2 4 t 1
Pt MIT ez <2M§ / o
: 5
3m? uAy ( A? 1)1
2.2 A [2 2
| 4mcve ME \6ME e Lo
l ] 0

200 250 300 350 400 450 500
M, [GeV]
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Latest results for neutral heavy Higgs bosons:

[ATLAS '18]

MSSM Higgs exclusion contours in M —tan 3 plane: bb,gg — h, H, A — rtr—

Q B | I | ] I ] j I I I | | ]
% ATLAS — Observed
= " Vs=13TeV,36.1fb" -- Expected
- MSSM mh"“"’|+ scenario, M, ., =1 TeV Btic .
60— H/A — 1t 95% CL limits 26 _
&
- :% 18 m = 1262 GeV §I ________________
I8 "?L___“__ ———————— rr:
:.-:§—""'—_:LEI F';II
40
ey 4. . 1256V
20 : | =
:“'%-— _________: _________ mn=125G‘eV_
g
: g | m, = 123.5 GeV]
4\ L I | I I | I i I | I
500 1000 1500
i ?
Choice of MSSM parameters™ m, [GeV]
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Latest results for neutral heavy Higgs bosons: [CMS '18]

MSSM Higgs exclusion contours in M —tan 3 plane: bb,gg — h, H, A — rtr
35.9fb" (13 TeV)

CM S 95% CL excluded:

[ ]Observed I 68% expected
--- Expected 95% expected

60 1 IOd ] T ] T T [ | ] T 3
mg °* scenano

40

30

20

//‘".}"J”}’/ﬁ-)"Ar"/‘/‘/VJ’)”‘f"/‘A’/"/VVV

10 - mhmssm £ 125 + 3 GeV

\ Iy e \ OO
A \\' \\'-x\ A
._\ WA \\ & A

“ 1000 1500
m, (GeV)

Choice of MSSM parameterg?
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Nearly latest results for charged Higgs bosons: [CMS '17]

MSSM Higgs exclusion contours in M 4—tan 3 plane: pp — H* = 1u;

M+ < my Mg+ > my
CMS pPreliminary 12907 (13 TeV) CMS preliminary 129" (13 TeV)
o 60T e . 60T T
% Lt > H'b, H = T, = % e
T 5O[- MSSM mpe 4 7 s0F
| 1, +jets final state i i
| —= Observed ] .
401 [ ] Excluded 2 40p
E ] 7 pp — t(b)H, H" — t*v,
30 2 - Expected median * 1o = 7, +jets final state -
= Expected median + 2c v 30 N — =
- mSSM . 125:3 GeV g [ ] Excluded ]
20:_ 20:_ MSSM m"ed #=% Expected median + 10_:
B . - Expected median + 20 |
104 10__‘M —— miM 5 12513 GeV  —
IIII|II!IIIIIIIIIII|IIIIIIIIIIIII :IIJIIIIIIII|IIII|IIII|IIII|IIII:
90 100 110 120 130 140 150 160 200 250 300 350 400 450 500
m, (GeV) m,- (GeV)

Choice of MSSM parameters?
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Latest results for charged Higgs bosons: [ATLAS 18]

2HDM type II results: pp — HET — 1v;

Mg+ < my Mg+ > my

3 I | I I I I I I I I | I
2 10 ATLAS =
>k 's=13TeV, 36.1 fb™ -
= B —— Observed (95% CL) |

1 N 1o
v 1E N £20 E
el - \\ ------ Expected (95% CL) I
" B — - 2015 result i
T 107 -
r= - =

1 B i
\% 107 & =
(@) - -
c - ]
o o _
-é _3 | | | | | | | | | | | |
5107 100 200 300 1000 2000

m_. [GeV]

= gap finally closed!
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Search for the MSSM Higgs bosons:

Smart choice of MSSM parameters?

— investigate benchmark scenarios:

— Vary only M4 and tanp
— Keep all other SUSY parameters fixed

[E. Bagnaschi, H. Bahl, E. Fuchs, T. Hahn, S.H., S. Liebler, S. Patel,
P. Slavich, T. Stefaniak, C. Wagner, G. Weiglein '18]

1. Mf}25 scenario: 2HDM-like model

. M}25(F) scenario: light staus: h — vy, H/A — 77

2

3. M}?5(%) scenario: light EW-inos: H/A — %959, 5,55
4. M}2> (alignment) scenario: h SM-like for very low M4
5

. M12° scenario: My ~ 125 GeV, all Higgses light

6. M}}125 (CPV) scenario: complex phases, ho-hg interference
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Data to be taken into account:

— Higgs boson mass (LHC) = FeynHiggs
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Data to be taken into account:

— Higgs boson mass (LHC) = FeynHiggs

— Higgs boson signal strengths (LHC) = HiggsSignals/SusHi
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Data to be taken into account:

— Higgs boson mass (LHC) = FeynHiggs
— Higgs boson signal strengths (LHC) = HiggsSignals/SusHi

— Higgs boson exclusion bounds (LHC, Tevatron, LEP) = HiggsBounds
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Data to be taken into account:

— Higgs boson mass (LHC) = FeynHiggs
— Higgs boson signal strengths (LHC) = HiggsSignals/SusHi
— Higgs boson exclusion bounds (LHC, Tevatron, LEP) = HiggsBounds

— SUSY searches (LHC)
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Data to be taken into account:

— Higgs boson mass (LHC) = FeynHiggs

— Higgs boson signal strengths (LHC) = HiggsSignals/SusHi

— Higgs boson exclusion bounds (LHC, Tevatron, LEP) = HiggsBounds
— SUSY searches (LHC)

Data not necessarily to be taken into account:

— electroweak precision data
— flavor data

— astrophysical data (DM properties)
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New benchmark: M}}25 [E. Bagnaschi et al., '18]

125

60 rorrr scenario My [GeV]
??‘ 1 I ! ! ! ! | ! ! i I | 1 ’:' I I E
=0 El : / ;
C)O;// ,,! :
40F '5 ’," _ Mg, = My, = Mp, = 1.5 TeV
. E lI : /," 5 M; = Mg =2 TeV
= 30} i' 4 a p=1TeV, M; =1 TeV
3 N l," // . : M, =1 TeV, M3 = 2.5 TeV
: ',‘,' / g ] X, = 2.8 TeV
"4» /z_ . ] Ay = Ay = A,
10 ' / / o 124 -
D oy
500 1000 1500 2000
MA [Ge\/]

= new vanilla benchmark model
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New benchmark: M12°(F) (E. Bagnaschi et al., '18]

M;'*(7) scenario M, [GeV]
60 7 PRI TS T
S0RF >, o
/] L
10k K 1 Mg =My =Mp, =15TeV
w H £ ] M, = Mp =350 GeV
= 30 g.\ ,f' . pw=1TeV, M; = 180 GeV
- g*, 1 M, =300Gev, M3 =25 TeV
20 ’i‘ - £ o
‘ . s - X = 2.8 TeV
909 / Y 1 t
10 ?“’:" ///; = k) E Ay = Ay, A; = 800 GeV
5 0007 .
- K = e S R b JZB“ ,, ..... / ............
I
000 1000 1500 2000
MA {Ge\/]

= slightly reduced heavy Higgs coverage

Sven Heinemeyer — Higgs/BSM pheno lecture @ NExT PhD WS (Cosener’s house) 11.07.2019 111/58



New benchmark: M12°(F) (E. Bagnaschi et al., '18]

°(7) scenario L(h = 77)/T(h = 77)sm
T | T T T T 1 T T T T 1 T 71 T T

......................................................... -f .IA::B(]A...........Z

----- ! i

f e

7—1.10 =

f -y

f =

P Mg, = Mg, = Mp, = 1.5 TeV

Mz, = Mg, = 350 GeV
p=1TeV, M; = 180 GeV

M> =300 GeV, M3 = 2.5 TeV

Wi | ] X, =28Tev
D ] A =4,4, =800 Gev

500 1000
M A [GQV]

\
‘\
~
~
S
—_—l
I
JIIII

= strong impact on (A — ~v7)
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New benchmark: M12°(%) (E. Bagnaschi et al., '18]

J[; ) [("‘r L‘\"—r]

60 : 1 l I I | ] l 1 t"’[ I I i
50 :
10Hd // _ Mg, = Mgy, = Mp, = 1.5 TeV
- ; '1 P 1 M =Mz =2TeV
= 30 ‘% : =180 GeV, M; = 160 GeV
T ’,' | : - M> = 180 GeV, M3 = 2.5 TeV
2015 E > 5
vd "% : - - Xy = 2.5 TeV
. 1‘:(///// %r” 126 1 t
N S R
/I/‘l//l///l/l//l// | // | 1 1 _/‘i////ll/ I//Z
500 1000 1500 2000

MA [GGV]

= strongly reduced heavy Higgs coverage
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New benchmark: M}}25 [E. Bagnaschi et al., '18]

125

6 scenario My, [GeV]
50? ::: !" E
10 "._:_ !,f' ] Mo=Mp,=Mp, =15Tev
SO lI -": /," 5 M; = Mg =2 TeV
gSO '-.‘ 4 a p=1TeV, M; =1 TeV
= N l," // . : Mo =1 TeV, M3 = 2.5 TeV
: ',‘,' / g ] X, = 2.8 TeV
"4» /z_ . ] Ay = Ay = A,
10 ’/ // i 124 :
R
000 1000 1500 2000
MA [Ge\/]

= new vanilla benchmark model
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New benchmark: M12°(%) (E. Bagnaschi et al., '18]

J[; ) [("‘r L‘\"—r]

60 : 1 l I I | ] l 1 t"’[ I I i
50 :
10Hd // _ Mg, = Mgy, = Mp, = 1.5 TeV
- ; '1 P 1 M =Mz =2TeV
= 30 ‘% : =180 GeV, M; = 160 GeV
T ’,' | : - M> = 180 GeV, M3 = 2.5 TeV
2015 E > 5
vd "% : - - Xy = 2.5 TeV
. 1‘:(///// %r” 126 1 t
N S R
/I/‘l//l///l/l//l// | // | 1 1 _/‘i////ll/ I//Z
500 1000 1500 2000

MA [GGV]

= strongly reduced heavy Higgs coverage
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New benchmark: M12°(%) (E. Bagnaschi et al., '18]

M (x) scenario BR(H — ¥X)

T T 1 T 1 T T I T T T T 1 | T
l : / T
S : y -

— :
Q

60

~
~

~
[ |

Q0

MQ3 = MU3 = ME3 = 1.5 TeV

My, = Mp =2 TeV
u = 180 GeV, M; = 160 GeV
M> = 180 GeV, M3 =25 TeV
Xy = 2.5 TeV
Ay = Ay = A,

tan 3
(%)
-

500 100 150 2000
M A [Ge\/]

= Huge BR of heavy Higgses to EW-inos
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New benchmark: M12°(align) (E. Bagnaschi et al., '18]

M}%(alignment) scenario M, [GeV]

20 s

L

Mg, = My, = Mp, = 2.5 TeV

My, = Mp, =2 TeV
uw=7.5TeV, M; =500 GeV

My, =1 TeV, M3z =25 TeV
A= A, = A, =6.25 TeV

g \
= NN S
:\\\\\\\- S
- % .
W |'~k\|\\|\- \

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

100 200 300 400 500 600 700 800 900 1000
MA [GGV]

= h SM-like for very low M4
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LHC Higgs searches for complex parameters:

hi1 ~ H1ios, Mh2 ~ Mh3, CPV: large ho-hz mixing possible:

Higgs bosons as intermediate states in {bb,gg} — hq — 7T

bo
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New benchmark: M12°(CPV)
1

20

»>"(CPV) scenario

S \“\\\'_ SR

%
7

..
7
///
#
1

Vgiiay
Pl

/

200 300 400 500 600
MHi [Ge\/

700 800 900 1000

}

= reduced coverage due to ho-h3z interference

[E. Bagnaschi et al., '18]

Mg, = Mg, = Mp =2 TeV

My = Mg =2 TeV
u=1.65TeV, M; =1 TeV

My, =1 TeV, M3z =25 TeV

| Ayl = p/tan 8+ 2.8 TeV
ba, =2/157
|A¢| = Ap = A
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New benchmark: M12°(CPV)
1

n(bb — hog — 7777)

- M (CPV) scenario

i

r—l.
-]
| RN B BN Y N RN EN B Y RN B N E Y R B R

(o)

\ !
I ]
|
i, ! '
W |
L | |

p o\ s
)

200 300

My [GeV]

00 500 600 700 800 900 1000

= reduced coverage due to ho-h3 interference

Mg, = Mg, = Mp =2 TeV

My = Mp, =2 TeV
u=1.65TeV, M; =1 TeV

My, =1 TeV, M3z =25 TeV

|Ay| = p/tan g+ 2.8 TeV
pa, =2/157
|At‘ = Ay = A,
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New benchmark: M]]-125 [E. Bagnaschi et al., '18]

M }?° scenario

T
’

MQ3 = MU3 = 750 GeV
— 2(Mp- — 150 GeV)
ME3 = ME3 = MD3 =2 TeV
1= [5.8 TeV
+ 20(Mp: — 150 GeV)]x
MQ3/750 GeV

M; = Mg, — 75 GeV
My =1 TeV, M3 =25 TeV
A= Ay = A; = 0.65Mp,

5.5) I P FavA' /I/ g ] B O T
50 160 170 180 190 200
Migs [GoV]

= exotic solution still viable!
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New benchmark: MI§25

M7 scenario BR(H* — W*h)
6.0 | S B R N R B R St [ SN S R R BN BN R R R R R p—
5.8 Mg, = Mg, = 750 GeV
— 2(Mpy- — 150 GeV)
. 5.6 My, = Mg = Mp, =2 TeV
S 1= [5.8 TeV
“ 54 + 20(My: — 150 GeV)]x
MQ3/750 GeV
My =1 TeV, Mz = 2.5 TeV
5? [N NN W W (NN NN TN NN WO [N NN TN NN TN (NN TN NN NN SN NN S S N At — Ab — AT — O65MQ3
50 160 170 180 190 200
MH:I: [GGV]

= large BR(H* — W*h)
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Interesting case: light singlet

Singlet does not couple to SM particles!
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Interesting case: light singlet

Singlet does not couple to SM particles!

“Non-interacting particles are hard to detect.” [F. Klinkhamer]
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Interesting case: light singlet

Singlet does not couple to SM particles!

“Non-interacting particles are hard to detect.” . Klinkhamer]

“Easily” possible in the NMSSM:

Light, singlet-like Higgs below 125 GeV

Which collider can find them?
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NMSSM parameter scan: [F. Domingo, G. Weiglein '15]

Parameters:

tan =8, M4=1TeV, Ay = —-2...0 TeV, u = 120...2000 GeV,

2M71 = M, = 500 GeV, M3z =1.5 TeV, mea, = 1 TeV, mea, , = 1.5 TeV,
Ay = —2 TeV, Ab,T = —1.5 TeV ’

nj Il‘2 .

2
877/ 8M
1

50 80 100 120 my, GeV) | e 70 s w0 100 110 120 my (GeV)

= light Higgs below 125 GeV
= strongly reduced couplings to gauge bosons!
= possibly within ILC reach!
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4. My favorite anomaly: a Higgs boson at 96 GeV

— What was seen in Run I7?

— What was seen in Run II?

— What was seen at LEP?

— Should we get excited?

— Which model fits?

— Next project?!
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What was seen at Run I? [S. Shotkin, talk at HDays17]

h-->vy (65-110GeV) Run 1

ner-e

“CIMS PAS HIG-14-037
E GEE_GMS Preliminary 13=8 TeV L=19.7 fo"' = 180_ e B e e e | E T —a——T—7 ]
E_J [ — Observed 'n—__,' 160F- ATLAS — Observed =
099 K 5 Expected = 15 o) = e Expected 2
a3 e.2— e Expected = 26 = 140 | ERl. =
P - <} i N t2 0 i
= S 120 =
£ E 1002— Is=8TeV, [Ldt=20.3 1" _f
o == 2 7]
X o 80:_ B
£ S 60F =
S - 3
40— =
20 =
™ | ] L L 1 | | 1 | | | | L | |
T PR B P e %O 80 100 120 140 160
85 Qa0 85 100 105 110
m, (GeV) Mg [GeY]
. o 1 i
* ~20 excursion @~97.5 GeV 2G excursion @~80 GeV

3. Gascon-Shotkin HDays17, santander, L5 5Sept. 22 2017
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What was seen at Run II? [S. Shotkin, talk at HDays17]

h-->yy (70-110 GeV) Runs 1+2

CMS Preliminary 19.7 fb” (8 TeV) CMS Prefiminary 359" (13 TeV)
— _lllllllllllll |l||||||||||||_ — ‘.||||'||||||r|||i|||||'||'|'T||||||IIII'|'|IPI_ i Y -
8 020 H gy —obseved 1 A 02FHoyy —Ohisorved CMS PAS HIG-17-013
E'ngBE— B Expected + 16 5:0.15}- B Expected + 16 —
5 ote. B = Expected + zu_f ﬁg - B Erpeoind 20 3 TeV:
= 0145 THogxBR 3 < .E minimum(maximum)
T " E i T s .
T 0120 = limit on ¢ X Br:
€ .4 E 31(133) fb at
m O :
= ] m=102.8(91.1)GeV
0.08 =
© ]
0.06 -

13 TeV:
minimum(maximum)
limit on ¢ X Br:

o
o
4

0.02

IIIilIIIIlIIIIlIFII|IIII|IIII

80 85 90 95 100 105 110 70 75 80 8 90 95 100 105 110 26(161)fbat
m,; (GeV) m,(GeV)  m=103.0(89.9)GeV

* 8 TeV limits on ¢ X Br redone with 0.1 GeV step. Production processes assumed in SM proportions.
No significant excess with respect to expected limits observed.

P
o

S. Gascon-Shotkin HDays 17, Santander. ES Sept. 22 2017
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What was seen at Run II?

All experimental + theoretical
systematic uncertainties
assumed uncorrelated except
for those on signal acceptance
due to scale variations + those
on production cross sections
(assumed 100% correlated).

OfH = ¥} £ SH = 1Y),

CMS Preliminary 19.7 o (8 TeV) + 35.9 fo " (13 TeV)

1.6 _—l T T | 1] ] i T T I l T T T T I T T T T I T T T l——
- H— vy — Observed :
141 -Expactadiksj
1*2; Expectedizs_f
1 :
0.8

Illll]ll.llll

0.4

0.2

| I Ll 1 T - | Ll I
80 85 90 95 100

m,, (GeV)

105 110

[S. Shotkin, talk at HDays17]

h-->yy (70-110 GeV) Runs 1+ 2

_CMIS PAS HIG-17-013

8 TeV+13 TeV:
minimum(maximum) limit
on (6 X Br)/ (G X Br)g, :
0.17(1.15) at
m=103.0(90.0)GeV

* Combined 8 TeV+13 TeV 0 X BR limit normalized to SM expectation (production processes
assumed in SM proportions ). No significant excess with respect to expected limits observed.

5. Gascon-Shotkin HDays17, Santander, ES Sept. 22 2017

(2]

-
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What was seen at Run II? [S. Shotkin, talk at HDays17]

h—->W(70—110 GeV) Runs 1+ 2

CMS Preliminary 19.7 1o (8 TeV) + 35.9 fo™' (13 TeV)

m 1 = l 1 T 1 T 1 ] T T 1T T T | Y. P 1T 1 1 T T T T ]
= e 1o
g 10° 26 CMS PAS HIG-17-013
L 1040 _ .
= 1072 430 8 TeV: Excess with ~2.00
3 10 local significance at m=97.6
~ 'Y E. ™ 4 ¢ GeV
10°
10° 5 L
B e T c 13 TeV: Excess with~2.9Gc
10-3 local (1.47 o global)
107°F Ho vy significance at m=95.3 GeV
JO78 oo R N 6c
_to ——— Observed 8 TeV
JOF T a— mﬁ ;3“* 3mey 8TeV+13 TeV: Excess with
10" e Expected 8 TeV ~2.8 ¢ local (1.3 ¢ global)
0 s ter cis ey significance at m=95.3 GeV
10-13 DY T T L N 7 M S T T O L Y T U [ O s W [0 T
80 85 90 95 100 105 110

m,, (GeV)
» Expected and observed local p-values for 8 TeV, 13 TeV and
thEIr Comblnatlﬂn S. Gascon-Shotkin HDays17, Santander, ES Sept. 22 2017

More data are required to
ascertain the origin of this
excess .
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What was seen at Run II? [S. Shotkin, talk at HDays17]

0 h-->yy (70-110 GeV) Runs 1+2

—

CMS Preliminary 19.7 fb' (8 TeV) + 35.9 fb' (13 TeV)
T I I 1 T T T | : LI | T | T L L) T | T T L L) | T I T T 1 T T 1 T
H-yy - : R —
— . . Combined + 1o | 'CMS PAS HIG-17-013 -
8TeVClass3 | 0875 ————
e =i, .
8TeVClass2 | 1577 Excess here mostly driven
- o~ +0.2 ]
8ToV Glass 1 | 0.4 12 oombined = 06 02 by class 1 (&2) at 13 TeV
L m,, = 95.3 GeV m N
8TeVClass0 | 0.1, %2 probability for the
13TeV Class2 | 1.4 seven individual values to
— — be compatible with a single
+0.4
13TeVClass 1 | 154, | signal hypothesis: 41%
13TeVClass 0 | 0.4
1 1 I 1 L 1 1 1 | 1 1 1 1 | 1 1 1 1 i 1 1 1 1
=5 10 15 20 25
i
* ‘Signal’ strengths for the 7 event classes and overall, in the 8 TeV+13TeV combination, fixing
m_,=95.3 GeV

* More data are required to ascertain the origin of this excess

S. Gascon-Shotkin HDays 17, Santander, ES Sept. 22 2017

55

rcms(96 GeV) = [o(pp — h1) X BR(h1 — ¥¥)]exp/sm = 0.6 £0.2
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What about ATLAS?

CMS Preliminary 19.7 fo™' (8 TeV) + 35.9 fo™' (13 TeV)

1.2

1_6;1 ™ T L |||||||||||t
- H—yy — Observed 1
1.4 B Expected + 16
***** Expected + 2¢ :

If!l

0.8

0.6

o(H = vy),.,, ., / o(H—vY),

0.4

0.2

II]IIIIIIIIIII IIII

1 b [ BT .
80 85 90 95 100 105 110
m,, (GeV)

CMS PAS HIG-17-013

. B [fb]

95% CL Upper Limiton o,

2205 |

200
180
160
140
120
100
80
60
40
20

I ! L] 1 I I | I

- ATLAS Preliminary —Ohesiad | G
= (s=13TeV, 800" . Expected .
= Xy W o =
d [t E
3
: -111..“1“1.1“{.,.111_%
70 80 9% 100 110
m, [GeV]

Note: ATLAS gives fiducial cross section! Conversion factor: 1/0.45

= ATLAS exclusion limit even weaker than CMS!

Q: why does ATLAS has same sensitivity with twice amount of data?
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CMS and ATLAS in direct comparison:

3.5 . .
— CMS obs. limit
2. === CMS exp. limit ||
—— ATLAS obs. limit
91 - == ATLAS exp. limit
\ —— CMS excess
_ 2.0
l:fg_-
T
-

1.0

0.5

0.0 ' ' ' ' '
69 70 7D 80 85 90 95 100 105 110
M;, :GrU V:

= everything well compatible with the excess!
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What was seen at LEP?

g | T | T T T T T
v p
: = LEP
-~ (a
I Vs = 91-209 GeV
I SM branching ratios ]
—— Observed -
T Expected for background
10 =
2
10 AN (N N SN O NN N S (N S NN S N 7 N - (O I I
20 40 60 80 100 120
2
m,, (GeV/c")
1 gp(98 GeV) = [a(e e~ — Zhy) x BR(hy — bb)}exp/SM = 0.117 + 0.057
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Should we get excited?

[talk by L. Finco, HiggsHunting 18]

 Combined 8 TeV + 13 TeV o XBR limit normalized to SM expectation:
* Production processes assumed in SM proportions
* No significant excess with respect to background expectations
* Expected and observed local p-values for 8 TeV, 13 TeV and their combination

CMS Preliminary 19.7 fb™ (8 TeV) + 35.9 fb™" (13 TeV)
E 1I6;_.[[|[[[ir|1--r|lrr1[rrr|[r|||—

- EH-— vy — Observed

&= [

2 14 B Expected + 16
T - - Expected t 20

JIIIIIIlILL

IIllIll.ll

I

III|II.II|] I|IIII|lI[I|iIII

80 8 90 95 100 105 110
m,, (GeV)

CMS PAS HIG-17-013

CMS Preliminary 19.7 fo ' (8 Te‘v‘) +3591f ' (13 TeV)

||||||||||||||||| L -
1 —

p-value

Local

e e

e e s e e B 0, B A T e SR TE B 2 A o o 9 i

—— Observed 8 TeV
——— Observed 13 TeV
——— Observed 8 TeV + 13 TeV

o gl --- Expected 8 TeV
<o --- Expecled 13 TeV
10 --- Expecled B TeV + 13 TeV
10—13ll|||||||||||u|||||- T I I T
80 85 90 95 100 105 110
m, (GeV)

CMS PAS HIG-17-013

Q: When do you dare to something ‘“significant” 7
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What about the MSSM?

[P. Bechtle, H. Haber, S.H., O. Stal, T. Stefaniak, G. Weiglein, L. Zeune '16]

1 0—6 T R T N
20 40 60
M, (GeV)

PR N T T N B
80 100 120

= too small rates! = problem: 2HDM structure to ‘rigid”
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More general Ansatz: N2HDM

Fields:
o7 o
P, = , , o = , , Pg =vs+ pg
\%(01 + p1 +in1) \%(vz ~+ po + ino)
Potential:

A A
Vo= miyf@1? 4 mBp|bol? — miy(@] s + he) + @ 01 + Z(0h)?
A
FA3(D] 1) (PLdo) + Mg (D] Do) (DLdq) + 35[(@;%)2 + h.c]

1 5.0, X6, 4 , A7 2, 78 2
+omEPE + T L+ TS0 dF + T(PLdr)F

ZQ Symmetry: Cbl — Cbl , CDQ — —CDQ , CDS — CDS

Physical states: hy, ho, hy (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
S3 cg sg

“Physical” input parameters:
2
a123, tang, v, wvg, Mhy oz A Mg+, mis
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Needed to fit the two excesses: my, ~ 96 GeV, my, ~ 125 GeV

— ¢y strongly reduced for i p

— cpqpp reduced to enhance BR(hy — v7y)
— ¢pq ¢t NOT reduced for rcps
— ¢cp 77 POSSIDly reduced to enhance BR(h1 — y7v)

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

type I (F2) =) (72) ~( (f12) :-)
type I (1) ) (F2) =) CORES
type I (F2) :) (72) ~( (Fu)
type IV () ) (72) =) COR

Type II and IV: ¢y pp and cp 4 INdependent
Type II bonus: ¢, - Can be suppressed (together with ¢y, pp)

= only type II and IV can fit CMS and LEP excesses
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= Parameter scan = ScannerS

Constraints:

e Tree-level perturbativity = ScannerS
e Minimum of potential is global minimum = ScannerS
e Higgs searches at LEP, Tevatron, LHC = HiggsBounds (N2HDECAY))

e SM-like Higgs properties = HiggsSignals (N2HDECAY, SusHi)
2 ._ .2
Xred — X /nObS

e Flavor physics (mainly BR(Bs =+ Xsv), AMp, ) = Superlso bounds

e Electroweak precision data (7" and S) = ScannerS
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Fitting the excesses:

— 0.117 + 0.057, —=0.64+0.2

onzHpm(ete™ — Zh1) BRonpm(h1 — bb)
ogm(ete™ — ZH) BRgm(H — bb)
2 BRNoHDM (1 — bb)
BRgm(H — bb)

)Chﬂ/V‘

on2HDM(99 = k1) BRn2npm (k1 = 77)

osm(gg — H)) BRsm(H — v7v)
2 BRNo2HDM (R = 7y)

= |cp,
‘ 1tt‘ BRsm(H — vv)
2 _( —0.117)2  ( —0.6)2
CMS—LEP (0.057)2 (0.2)2

= “best-fit point”
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Fitting the excesses: [T. Biekstter, M. Chakraborti, S.H. '19]

T T T TR T T 7]
.25 F n2sf 3 1.3
C 1.3 - o ]
i i s ] =i
.20 F =i .20 F e T i =
r = 5 3 L2 =
5 3 L ] M
ey : :
B g1e & B ] &
()15 % H.15F : %
B = h ] 1.1 =
1.1 =] - & 1 o
e 5 s 1 3
.10 Fag H 0.10F ] H
N ..,E [ ] "QE
E 1.0 E 3 L0
0.05 F 0.05 F - 1
g : 5 A = Type V11
-_I ”[} [ i i 2 ; L ? 4 i i L : D'{}
.1 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Honis

= excesses well fitted, with good X?ed

= preferred Mpy+: 650 GeV — 950 GeV (lower limit: flavor constr.)
= preferred tang: 0.8 — 3.8
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Best-fit point in type II:

Mp, M, My m A M g+
96.5263 125.09 535.86 712.578 737.829
tanpg a1 o a3 m%z Vg
1.26287 1.26878 —1.08484 —1.24108 80644.3 272.72
bb 99 7Y WW YA
BRhl BRhl BRILI BRhl BRh1 BRhl

0.5048 0.2682 5.09-1072 2582.10"3 1.37-1072 1.753-10°3

bb 99 Yy WW Z7
BRY  BRYY BR? BR)] BR}Y BRZ:

0.5916 0.0771 6.36-10"2 2.153.103 0.2087 2.610-10"3

= surprizingly large BRZ;y
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Best-fit point in type IV:

mp, mp,, My mA M g+
07.8128 125.09 485.998 651.502 651.26
tanpg a1 o a3 m%Q Vg
1.3147 1.27039 —1.02829 —1.32496 41034.1 647.886
bb 99 Y WWwW Z7
BRhl BRhl BRILI BRhl BRhl BRhl

0.4074 0.20714 0.248324 2.139-10"3 1.347-10"2 1.579-103

bb 99 Y WW Z7Z
BRY — BRYY BR? BR}] BR}Y BRZ:

0.5363 0.09388 7.58-10"2 2.247.10°3 0.2267 2.836-102

= substantially larger BR}Z than in type II
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Next project? = ILC Higgs coupling measurements

1 % 1 T T T T T T T T 1 L) T T T T T T T T 'I T T T T T Li T T T r T T T L) T T T T T T T T T T L) L) T T L)
F i ATLAS/CMS current .
: ----- HL-LHC ud "
""" HL-LHC g ILC250 . s, _4
HL-LHC & ILC260 & ILOS500 | 5, & . V4
i L I e, 'l . ! ¥
® Twvpell | .-.‘ 2 . "
8 Twvpe IV (Ripped) \, :
Tyvpe IV (|etanh| =~ |ebger|) "."'.‘+" .
! H e R L
- - - o ‘i":_ u
1.0 F 3 = -
L 4 2 .:* ¥
i -t - e % _r"‘ L I
. T .
| Bl
e, e :
. -i-l-.r .‘-...;* w
i : L ; *:1 B ow
I.-.L !:-ul -_ = h ::':‘ - -
. o ;
Py 4
4
; ¢
i i i i i i i i i i i i i i i i i i E :":l-'.i: i i I-IEII JI. I-:-l".:.l‘; i I i i i i i i i i i I. i i i i i i i i i

0.7 (.5 (1.9 1.0 1.1

|f-'f| ITF |

= type II shows deviation from SM
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Next project? = ILC Higgs couplmg measurements

| e ATLAS/C "..I":- current

H HL-LHC!
[ ———— HL-LHC & [ILC350
LOF - pLLuC 2 ILe2se & Ies
& Typell
o Type IV (Aipped)
T.'?'F'E' Ll [l‘-“l'-zrtl o |‘:'|'-1 rTH'

(.9 F

| by

0.8

0.7F

IIIIIIIII [}‘}1{}

|f?.||t'_rTT |

= type IV shows deviations from SM

= N2HDM can always be distinguished from SM!
11.07.2019 111/91
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1.0F

Chavv|

0.8r

--——-- HL-LHC
----- HL-LHC @ ILC250

HL-LHC & ILC250 & ILC500

e Typell
e Type IV (flipped)

“ ATLAS |

= type II and IV show strong deviations from SM
= N2HDM can always be distinguished from SM!
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Next project? = ILC production of the light scalar

— LEP - olserved
10 E ...

LEP - expected

[ = Sg5-ILC (recoil)

[ m— 5 -ILC (traditional )
Xoms—rep > 2.30

e Xiiie rap S 230 B

-Brihy — bb) and S5 from Drechsel et al.

10"k = -_
wy .'.-_____-—'-
af |
e Tope)-
o L L L L | L L i i 1 i I I L i i L L i L i i L i 1 I i | L b
Gl T il a0 LW} 111) 1)

iy,

= new state easily in the reach of the ILC
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What about SUSY??
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What about SUSY??

= type II fits best, type II is needed for SUSY
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What about SUSY??

= type II fits best, type II is needed for SUSY

= models with an additional singlet??
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What about SUSY??

= type II fits best, type II is needed for SUSY

= models with an additional singlet??

— NMSSM
— puvSSM
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What about SUSY??

= type II fits best, type II is needed for SUSY

= 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
{].SU(}[‘ 0.500f
0.100¢ ﬂ,lﬂﬂ[
e 0.050 1 0.050
0.010¢ 0.010f
0.005¢ 0.005F
9—1 ‘:)Iﬁ Qlﬂ l(.}ﬂ 9.4 gfil qS 1('}[]
M, (GeV) M, (GeV)

= both excesses can be fitted simultaneously!
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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

a0 _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
3164 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, WE CAN! :-)
(at the 1 — 1.50 level)
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