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Higgs Physics

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

Dubna, 07/2018

1. Before the Higgs discovery

2. The Higgs sector of the SM

3. The Higgs sector of the (N)MSSM

4. Higgs boson(s) at the LHC
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Higgs Physics
Higgs Boson(s) at the LHC

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

Dubna, 07/2018

1. The LHC
2. The SM Higgs boson at the LHC

3. MSSM Higgs boson searches at the LHC

4. Yo — VY
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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: 40 fb~! 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 + 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: 40 fb~! 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 + X (X > 0): HL-LHC?

YOU live in an exciting time!!!
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LHC Results: Executive Summary
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LHC Results: Executive Summary

Standard Model has been rediscovered!
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LHC Results: Executive Summary

Standard Model has been rediscovered!

No evidence for BSM physics - yet!
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LHC Results: Executive Summary

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 P
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:
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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  __
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
110 115 120 125 130 135 140 145 150
m, [GeV]

= Clear excesses for around My ~ 126.0 GeV

Sven Heinemeyer — Higgs lectures @ CALC18 (Dubna) 31.07.2018 IvV/15



04/07 CMS results in search for a SM Higgs: pg combined:

CMS \s=7TeV.L=51fb" ys=8TeV.L=53fb"
qJ 1IIIIIIIIII|III|III|III|II

1o
20
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C_U 10_3 %_ \\x}/% 30

O _f4
S40

TP \,/ :
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10" = =
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10 TTTree., 160

= | == Combined obs. =
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my, (GeV)

= 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 ]
o -~ ¢ Data ATLAS =
g 600 ceene. Background (s =13 TeV, 36.1 fo"" —
S - —— Signal + Background m,=125.09 GeV
© o i =
= 500— Signal In(1+S/B) weighted sum  —
I ™ _
400— —
300— =
200— —
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- : | T | | | =
& - =
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W _10 i L i " 1 " [ "
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=- clear signal around My ~ 125.1 GeV
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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

5000 E_GHﬁd—)YY G,,/m| o category 0
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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 I I I | I I I | I I I | I I I | I

Q B ¢ Data i
@) ~ ATLAS Higgs (m, = 125.09 GeV)
" 5O-Hﬁzz*ﬁ4l e

~ - 13 TeV, 36.1 fb™ I Z+je’ts, tt
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c
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mLcltlonstrained [GeV]
= 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* |
E Z+X
o 80— —
> = —
LL 5

80 100 120 140 160
m,, (GeV)

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

q
g R Wy w
H 1% H
V
I w* g , 1%
q
I | I |
ggF" production VBF production
%4
W*
I |
VH production
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Other channels: H —- WW* [CMS '18]
35.9 b’ (13 TeV)
T T T I T T T T I T T T | I
- Preliminary
- ggH p=1123023 .
- qqH p=1.13 25 1
- WH n=339*'58 .
- - ) -
- ZH u=123%'22 1
B Combined 1=1.24 )7 7
] 1 1 1 I L 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
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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 [CMS '18]

35.9 b (13 TeV)
T

CMS i
pp — VH;H— bb
Combined L =12+ 0.4

ZH(bb)
W= 0.9+05

WH(bb)
u=1.7+07

0 lept.
H=0.0%05

1 lept.
n= 191086

2 lept.
n=18=x06

1 0

Best fit u
= close to SM predictions
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Other channels: H — 7t~

ATLAS Preliminary Vs=13TeV, 36.1fb™"

—total —stat. — SM exp.
total (stat., syst.)

+1.54

Boosted cat. N PR 3.92 1.54 (+0.78 +1.33)

.77 ' -1.08

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 )
11 1 I L1 1 | | I | I L1 1 | 11 1 I 11 1 I 1 1 I | | 1 I L 1 1 I 1 1
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_ I 1 I I 1 I | 1 | 1 I | 1 l I | | 1 1 | I IA|1.II-AIS IHI ] 1 I 1 |} |
— B - =YY 4
< - ATLAS and CMS --- ATLAS H—ZZ—4 |
> - LHC Runt1 s CMS H—yy 4
s 25— CMS H—ZZ—4]  —
= B - — All combined i
U) — "O —
© [ % Best fit i

[ ’
o)) 21— — 68% CL —
) [ 1
. e T -
L s ,,u“‘ o ]
1.5 *s " —
1= \\ % 2 =
r Fenl o
L :_ -e-- '-_: ’I —
- -.._______:“?— =
O 5_I 1 1 I | 1 | 1 I 1 | | 1 | 1 | | 1 ] 1 | | 1 I 1 | | 1 I 1 1 1 I_

' 124 1245 125 12565 126 1265 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.)

Sven Heinemeyer — Higgs lectures @ CALC18 (Dubna) 31.07.2018 Iv/32



Coupling scale factor results (I):

Simplest model: x, BR(H — inv.)

BR(H — NP) = BR(H — inv.)

no assumptions

— 15.0 15.0
1.0 7 ‘ 1135 1.0 113.5
j ¢ SM
3 ‘ ¥¢  Best — Fit 112.0 3 112.0
. 110.5 . 110.5
: T |
E 0.6 19-0 Z 06F 19.0
75 T 75
T Ay? Ay?
T 04 6.0 T o4t ‘ 6.0
s e SM
as 9 4.5 M 0.9 Y¢  Best — Fit 4.5
0. 3.0 o |— sE =10 | 3.0
- Ii%_l =40
1.5 At ‘ 1.5
O'%. 1.8 O'OO 1 2 3 4
0.0 0.0
K
= Nno theory assumptions on I g ot NO limits on &
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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.)

2.0

0.0F B RS
| | O SM
—1.0 0 i v  Best — Fit
—2.0 I I I I . ! |
08k o
e T T e
04F [ T R i
02F /S B R A -
/z z n
L .

0.0 : :
05 08 1.1 14 17 -20 -1.0 0.0 1.0 20

1.0F

Ky

R

15.0
13.5
12.0
10.5
9.0
7.5
6.0
4.5
3.0
1.5
0.0
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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
— 15.0
LS| 413.5
QN Lol 412.0
| O SM 110.5
0.9} %  Best — fit 49.0
7.5
A 2
6.0 X
4.5
3.0
1.5
0.0
_2 | | | | | |
CO08E T R PTPE SRR I EREITERI EERIERRF TR
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.)
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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.)
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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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¥¢  Best — fit
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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)] e Measurement | HiggsSignals-1.2.0 (preliminary)

h— WW — (vly (0/1 jet) [8 TeV] | ATLAS e CMS o {8 TeV] h - WW — 202v (0/1 jet)
h—WW 7/ th é%i%) 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—— 1 | {8 Te\/{ Vh s VI (haér' v>)
h— ZZ — 40 (ggH like) [8 TeV] | e - i
h = 7 (conv-entr. high ppe) 18 Tev] |- En —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] | [ — : - 18 TeV] = yv (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] | ’ < | Fo 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 @ ——e"[8 TeV] tth — 2( (same sign)
h — 77 (boosted, leplep) [8 TeV] |- —— E 18 Tev] tth — 3¢
h — 77 (VBF, hadhad) [8 TeV] | —n—| , =
h s 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 (00) [8 TeV] | [N, ——— = 1[8 TeV] tth — tt(yy)
Vh— Vb (10) [8 TeV] | —— = i [8 TeV] tth — tt(r7)
Vh — Vbb (20) [8 TeV] | ——— t t — :
+ + —t + CDF ] 1h s ww
h— WW} D@  —— = —_ sy
h— v} = e h— 7T
h—717)F ————— —— AVh = Vbb
h—bbl ——i 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:

> E

'g 10:3%_ ATLAS —— Data —g
Investlgatlng the (iecay o 102;_ E;:g;{,hdt:zo_?fb-i Signal hypothesis _;
H_>777Z27WW 8 - H - 77 - 4 — P -0 5
» 10§ ‘k:s=7TeV][Ldt=4.6fb'1_1 5 . , =
comparing predictions . . . = - s=8Tev JLdt-20.7 15 - =27 15=0% 7
c 1 H—> WW* - evuv/uvey —
= = \s=8Tev [Ldt=20.7 75! =
g =log (£L(OT)/L(2™)) Z 10F 7
| 102k E
= Spin O clearly preferred - =
10°F E
10%¢ 3

10°E %\

NS 11018

6
1055201510 -5 0 5 10 15 20 25
q
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Measurement of the Higgs boson spin

= first results from the LHC:

(g N I ] I I ] I I I I 1 | I I I ]

40__ATLAS -

Investigating the decay [ H— vy pin =7

* * [ Vs=8TeV [Ldt=20.7 fb” ST [ e .«3 ]

H =y, 227, WW 30H — zz* — 4l []es

. . . | \s=7Tev JLdt=4.6 b ® S =0" i
COmDaI’Ing DredICtlonS R - Vs=8TeV [Ldt=20.7 fb"

B ® -2

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

g =log (£L(OT)/L(2h))
10

_/

= Spin O clearly preferred - - e ———*
0

—-__.—-"

—

i

-10 -
1 I 1 1 | | 1 | .
O 25 50 75 100
o
fqﬁ (28,
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Has the Higgs particle been discovered?

Sven Heinemeyer — Higgs lectures @ CALC18 (Dubna) 31.07.2018 IvV/45



Has the Higgs particle been discovered? YES!
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3. MSSM Higgs boson searches at the LHC

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.
[M. Carena, I. Low, N. Shah, C. Wagner '13][M. Carena, H. Haber, I. Low, N. Shah, C. Wagner '14]

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

between tree-level and loop contribution

Compare: m?SOd*' and m?

Example: m%lt scenario:
Ay/Ms = 2.45, At:Af, 00— PO
MS — mf 2 1 Tev’ mg p— 1'5 Tev' 7 95% C.L. Scaled Exclusion Il:l /III':' ,,,Il
----- o(ggh)xBR(h—»VV)/SM : ,I ,l /I
Mo = 2 M1 = 200 GeV, u adjustable 251! ; S0
= SM-like Higgs for all M4 L™
200 | ne I
n % /'/!/ // 'l
tanf = | |~
3m2 ;2 A2 s L A 1 ;
2 2 t K t 150 7 ; i
M+ Mz + 5 202 7~ 1 | i -" :
i 47‘- (V) MS 2MS /,::: ::::: '_ ':'
- > 5 , ,
3mj MAt( A 1)] : i
2.,2 2 2 , ,
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 M7 = 200 GeV, p adjustable i e R
DO | i
= SM-like Higgs for all M4 __— 19
tan 6 ~ o= T [ T ORP——
[ 2,,2 A2 8 5 10
3mi
M2 M2 4 t 1
Pt MIT ez <2M§ / o
: 5
3m? uAy ( A? 1)1
2,2 1 [2 2
| 4mcve ME \6ME e Lo
| ] 0

200 250 300 350 400 450 500
M, [GeV]
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Overview about MSSM Higgs boson searches at the LHC:

1. Light MSSM Higgs boson in the decoupling limit:
— SM Higgs searches apply
= compatible with the discovery at ~ 125 GeV7!

2. Light MSSM Higgs boson “before” the decoupling limit:
— dedicated analyses necessary
— challenged by Higgs rate measurements!?
= compatible with the discovery at ~ 125 GeV7!

3. Hevay MSSM Higgs boson:
— dedicated search
— keep in mind the discovery at ~ 125 GeV
= model independent results on o x BR
= specific MSSM results for H/A

4. Higgs below 125 GeV: = see “¢pgg — 77" !
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Situation is a bit more complicated for SUSY Higgses (¢ = h, H, A)
[ Tev4lLHC Higgs working group report '06]

10°

LHC, Vs = 14 TeV —h

m. " tanB=5 — H
— A

[EEN
o
IIIIII| T TTTT

gluon fusion: gg — ¢

weak boson fusion (WBF):
qq — ¢'7 ¢

N

"
—

I\I IIjIIIl’_‘ AL IIIIII|

top quark associated

1 IIIIIII| 1 IIIIIII| 1 IIIIIIIl 1 IIIIIII| 1 IIIIIII| 1111l

@ production cross section [fb]

10°E™ "~ N bb)® . — —
S \\},\‘, N (bb) production: gg,qq — tto
10'E R weak boson associated
- B production: qf — W ¢, Z¢o
10°E W/Zod ST -l =
: ~o. 1 NEW: bbo
10'1 |||||||||||||||||||||'| [ o1 | L1 1 1 | L1 1 1 | L1 1 1

100 150 200 250 300 350 400 450 500
M, [GeV]

Search for the lightest MSSM Higgs at the LHC:
= full parameter accessible But there might be problems ...
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Dedicated search for the heavy MSSM Higgs bosons

MSSM Higgs discovery contours in M —tan g plane
(mp'?* benchmark scenario):

50 T T =] T+ T T T T T T T T T T T T T T T T T T T T T T
o 50 F n H | _E__‘ : \ \ ]
— ‘ maximal mixing | RERIE 0
NETE K
30 | : =5E QY
20 ;‘ h"H AH n [ <2 % &
c3 HTE E E NS N ]
O B —+ = = >§/ " (]/
= HEL EE N
B N E ’g\\\\ A
N L H 1= |= Y
9| 1 B
81 s 1 H LS .
ol Honly o BV CMS, 100 fb™
.| 3 S S maximal stop mixing
B \ = aE \\\\\\\\\\ ]
3 r luded 15 ] / E \\\\\\ ]
LEP exclu | =
; 10 \ﬁé , "
2 X : HA =717 =>1+7 jet+X, 30 fb
5 I -'-': = ]
-«(\‘~ E S5
£l . CNE L \EXC'Ude\d \b)( LrEP i
500 100 200 300 400 500 600 700 800
m, (GeV) m, (GeV)

areas where only h is observable = "“"LHC wedge”
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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:
:.-:§—""'__|LFE1 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 1 ] T ] T T [ | ] T 3
my o scenano

40

30

20

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

10 - mhmssm £ 125 + 3 GeV

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

1000

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:

Choice of MSSM parameters?

— investigate benchmark scenarios:

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

[M. Carena, S.H., O. Stal, C. Wagner, G. Weiglein '13]

. my'®* scenario: conservative limits on My, Mg+, tanps
m°d scenario: in good agreement with M, ~ 125 GeV
light stop scenario: sizable effects on o(gg — h)

light stau scenario: sizable effects on '(h — ~v)

@ &> W b=

T-phobic scenario: suppression of I'(h — T+T_), (h — bb)
6. low-My scenario: in good agreement with My ~ 125 GeV

= 2018 update nearly ready ... [H. Bahl, S.H., P. Slavich et al. '18]
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mZ‘Od"' scenario:

60
m; = 173.2 GeV,

50 M, =125.5+3 Msgysy = 1000 GeV,
bowa = 200 Gev.
40 LEP excl. Mo = 200 GeV,
- X{7° = 1.5 Msysy

mg = 1500 GeV,

20 my, = 1000 GeV .

10

200 400 600 800 1000
M, [GeV]

= M;, =~ 125 GeV nearly “everywhere”
= to be updated (improved Mj calculation)!!
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4. Pgg — VY

— What was seen in Run I7?

— What was seen in Run II?

— What was seen at LEP?

— Should we get excited?

— What about the NMSSM?
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What was seen at Run I? [S. Shotkin, talk at HDays17]

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

ner-e

“CMS PAS HIG-14-037
- 0.25 i:us Preliminary 15=8 TeV L=19.7 fo! = 180+ R I —
E_J [ — Observed 'n—__,' 160F- ATLAS — Observed =
3 K 5 Expected = 15 0 = e Expected =
a3 2 e Expecied = 26 = 140 | ERl. =
= i =} 0 EE-E il
o= g 120 = =
£ E 1 oof— Is=8TeV, [Ldt=203f" _f
o == 2 3]
X o 80:_ B
£ S 60F =
2 - 5
40— =
20f =
™ | ] L L 1 | | 1 | | | | L | |
R TR BT DUIE N %0 80 100 120 140 160
85 Q0 95 100 105 110
m, (GeV) Mg [GeY]
. o 1 s
* ~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 Praiiminary 19.7 fb (8 TeV) CMS preliminary 35.9fb" (13 TeV)
3 _||||I|||'||||| |l||||||||||||_ E\. ‘.||||'||||||r|||ill|||'||'|'T|I||||IIII'|'|IPI-
a 02-Ho vy — Observed 3 a 020 Hoyy — Observed -
E'ngBE— B Expected + 16 5:0.15}- B Expected + 16 —
,.?3 0.16:— ----- Expected + 26 - 2
;:0.143— %% % x BR - 2
p S : :
T 0.12- -]
o oig =
X =
b 0.08 3
0.06 -

IIIilIIIIlIIIIlIFII|IIII|IIII

80 8 90 95 100 105 110 70 75 80 85 90 95 100 105 110
m,, (GeV) m, (GeV)

CMS PAS HIG-17-013

8 TeV:
minimum(maximum)
limit on ¢ X Br:
31(133) fb at
m=102.8(91.1)GeV

13 TeV:
minimum(maximum)
limit on G X Br:
26(161) fb at
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.

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

P
o
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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?

16C:MS Preliminary 19.7 fb” (8 TeV) + 35.9 fb™ (13 TeV) 8 oo T T T
E . T' LI | T 1 1 | L | 1T 11 | T 1 11 | T T 1 It [ : ATLASPreliminaw _Ob d :
ﬁw B H - = m =2 : : serve =
S I S 0 fsoaTev, 80T e Expected -
T . C -Expectedirh - & 180;— X—&W U ERL _;
% 1'2:_ ***** Expectedizcs_: S 150% []t2¢ =;
= 11 Z E 140F -
2 T 1 T 120F 3
= o8 a & 100 =
i - 80:— E
T 0.6 - - C .
z . O 60t 3
) - ~0 = 7
0.4 - g o =
5 W 5
0.2 20t =
L I Ll I L I L1t I Ll I L 11 I: 0:] 1 L L l L 1 L 1 [ L 1l i il I 1 1 il L [ 1 | L L l J._l:

80 8 9 95 100 105 110 70 80 90 100 110

m,, (GeV) m, (GeV]

Note: ATLAS gives fiducial cross section! Conversion factor: 1/0.45
= ATLAS and CMS exclusion limit identical! (120 fb)

Q: why does ATLAS has same sensitivity with twice amount of data?
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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

Sven Heinemeyer — Higgs lectures @ CALC18 (Dubna) 31.07.2018 IV/66



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)

E1.6:"'['f‘l|1'-l|lrrl[rrrl[r||n—_.
o C H_}Y‘Y — Observed .
> C 1
T 1'4-,'_ -Expecledtb ]

L  Expected t 26 1
L 12F pe 5
@) C 1
-~ | ]

IIllIll.ll

I

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

8.0 85 90 a 95 100 105 110

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

—— QObserved 8 TaV

1079 —— Observed 13 Tev
- —— Observed 8 TeV + 13 TeV
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Q: When do you dare to something ‘“significant” 7
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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)]
b = — = —
[Hsm(My, ) — ZZ] - BR[Hsm(Mp, ) — bbbl olete” — Z(Hsm(My, ) — bb)]
: [Thy — gg] - BRI — yy] . Olge >l oyl
77 TIHsm(Mp,) — ggl - BRIHsm(Mp,) — vyl olgg = Hsm(Mp,) — vyl
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= both "excesses” can be fitted simultaneously!
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