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You must be joking
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A New Higgs Boson at 96 GeV?!

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

Karlsruhe, 10/2018

e Motivation
e Is SUSY dead?
e A Higgs Boson at ~ 96 GeV7!

e Conclusions
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1. Motivation

Fact:

The SM cannot be the ultimate theory!

1. gravity is not included

2. the hierarchy problem

3. Dark Matter is not included

4. neutrino masses are not included

5. anomalous magnetic moment of the muon shows a ~ 4 o discrepancy

= Time to get ready for BSM physics
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1. Motivation

Fact:

The SM cannot be the ultimate theory!

1. gravity is not included

2. the hierarchy problem

3. Dark Matter is not included

4. neutrino masses are not included

5. anomalous magnetic moment of the muon shows a ~ 4 o discrepancy

= Time to get ready for BSM physics

The Future of Particle Physics: A Quest for Guiding Principles
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The Future of Particle Physics: A Quest for Guiding Principles

Which model should we focus on?
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The Future of Particle Physics: A Quest for Guiding Principles

Which model should we focus on? = experimental data as guideline!
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The Future of Particle Physics: A Quest for Guiding Principles

Which model should we focus on? = experimental data as guideline!

Some ‘recent” measurements:

— top quark mass

— Higgs boson mass

— Higgs boson ‘“‘couplings”
— Dark Matter (properties)
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The Future of Particle Physics: A Quest for Guiding Principles

Which model should we focus on? = experimental data as guideline!

Some ‘recent” measurements:

— top quark mass

— Higgs boson mass

— Higgs boson ‘“‘couplings”
— Dark Matter (properties)

Simple SUSY models predicted correctly:

— top quark mass

— Higgs boson mass

— Higgs boson ‘“‘couplings”
— Dark Matter (properties)
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The Future of Particle Physics: A Quest for Guiding Principles

Which model should we focus on? = experimental data as guideline!

Some ‘recent” measurements:

— top quark mass

— Higgs boson mass

— Higgs boson ‘“‘couplings”
— Dark Matter (properties)

Simple SUSY models predicted correctly:

— top quark mass

— Higgs boson mass

— Higgs boson ‘“‘couplings”
— Dark Matter (properties)

= good motivation to look at SUSY! :-)
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2. Is SUSY dead?
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2. Is SUSY dead?

The reports of my death have
been greatly exaggerated.

~ Mark Twain
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Fact:

The SM cannot be the ultimate theory!

1. gravity is not included

2. the hierarchy problem

3. Dark Matter is not included

4. neutrino masses are not included

5. anomalous magnetic moment of the muon shows a ~ 4 o discrepancy

= low-energy SUSY provides the solution(s) (or paves the way)!

= But what about experimental results?
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Is SUSY dead?

When will I give up on SUSY?

ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

December 2017 V5=7,813TeV
Model Ty Jets EP™ [Ldim™) Mass limit 8Tev [NF=iSTeN Reference
g gF) 0 2Gjols  Yos 361 : rrui";«ammv ﬁl(]'gm.q}-mﬂ"’mﬂ 1riz.0ex32
7. §—+9¥ (comprassed) mono-jet  T-3jels  Yes 361 miii-miiT)<5 Dev AT11.09301
. qu 2 26jets Yes 361 i} =200 GV 17120832
BB, Eagti —gqW= £ 0 zHjets  Yes 361 MR 1200 GV, m(E" 1.5} o enil) 171202332
BE, B-qaie e 2f8ts  Yes 14T mei <300 Gav, 1611.05791
2B, B—gglediviE] Bep 4 jats - 36 miF}ed Gl 170603731
BE, Bgy 0 TAtjels  Yes 389 mity) <400 Gay 170802794
GMSE (f NLSF) 121+01 ¢ D-2jets  ‘es 3z 1B07. 05570
GGM (pino NLSP) 2y 7 Yes 361 Wl cTINLSP}<0.1 mm ATLAS-COMNF-2017.080
GOM (higgsino-bing NLSP) ¥ 2 jats Yes 361 M =170 Ga, cr{NLER 0.1 mm, =0 ATLAS-CONF-2(H7-080
Graviting LSP L] mona-pt ey 20.3 MiGE=1.8 % 107 eV, miEl=migl=1.5Ta¥ 150201516
F, Gbhi] 0 3k Yes 361 miP} 500 Gav 1711 0180t
| 3B, k) 01 e 3b Yes 361 miF}}<200 GoV HAEIE )
Bifiy, By—tE] 0 i Yes 861 mii| o0 GaV 1708.08266
Py, E,—wf‘.‘ 2ep(S5) b Yes 361 miF| 200 GaY, miF 1= miT| 1 100 GeY 170803731
fify, b} 02 e 125 Yes 471123 miEt | = 2miEl) miE)ess Gov 12082102, ATLAS-CONF-2015-077
Tify, i —Wai| or i) D-2ep 0-2[ets/1-2F Yes 203361 miF =t By 160606616, 1708.04183, 1711.11520
fify 0 mona-jet  Yes 381 i, -miE=5 Gev 171103301
iy (natwral GMSHE) 2w (7} 1k e 203 MR 150 Gay 1403 5222
b, ff + 2 Jep (2} 1h Yes 361 w0 GaY 1708 03508
iy, iy +h -2 4k Yas 381 w0 Gey 170601888
| ?u:?m z-.zi" e 0 Yes 361 w0 ATLAS-COMNF-2017.039
JE.,r.. 2ep i Yes 364 M 1=0, miF, P05 miE ATLAS-CONF-2017-038
zﬁ{.r-mm it 21 - Yes 361 m{E{=0, iy, oh=0 S(mOE | em (R 17OB.O7ETS
3 ,?‘!'-..ELMm, 0] e 0 Yes 361 (e} pemfEd), mEET}=0, mid, #=0.5imiET bemiEl)) ATLAS-CONF-2017-039
%% x,z,—-wx Foe 23ep  O-2jet2  Yes 361 mii j=miE ), mi ) =0, ? decaupied ATLAS-COMNF-2017-039
& —nw,!-m , bbb WW e iy LT 02b  Yes 203 myF f=mEl), miE])=0,  deceupled 150107110
| Ia'z?g e —-Paf 4t 0 Yes 203 miE =), miFk=t, mif. P=0SimiETsmifal) 14055086
GG (wino MLEP) weak prod., ,}’n—.yc 1 p+}' s 203 er=1mm 1507.05483
I GGM {bino NLSP) waak prod., ,P'i & Yes 361 vt mm ATLAS-CONF-2017-080
Yes
Yes
Yes
“Yesg

Direct X177 peod., long-lved £5 Disapp. ik 18t 361 miE] |-miEy )~ 160 MV, 17 - 0.2 ns 1Mzoeme
Dirsct £, prod., long-lived &7 dE(d trie = 18.4 ] |-myE )~ 160 MeV, #(F] <15 ns 1805 05332
Siable, stopped § A-hadron 0 1-5 jets. 278 mii =100 GaV, 10 wsor(Fic1 0008 1310.6584
Stable ¢ R-hadron trk 3 3.2 1605 05128
Metastable § R-hadron Gl Ik 2.2 mif{}-100 Gay, r=10ng 1604.04520
Metastabis 7 A-hadron, G—quk; spl. b 328 =017 ma, i) = 100Gav ATI0. 04501
GMSB, stabia 1, ¥ -1, e rie, i) 12 S = 19,1 10=tang=50 1411 6795
GMSE, £ G, long-ived 17 2y Yes  20.3 230 GeV 1<rif'y)«3 ns, SPSE mocal 1408.5542
5 e e gy displ, e fep/up = EVEI B - 1.0 TV 7 <or(¥lie 740 mm, miE)=1. 3 TaV 1504 06152
| LFV pp—at, + X, po—sepferiur T T - a2 g, ST, A 07 1607.08078
Biiinear APV CMSSM Zep(S55) 036 Yes 203 |@#E 145 TeV Mih=miE), 1z p=t MM 1404 2600
BB B WK e g, 4o 5 Yot 133 M 4000V, iz #0 k= 1,2) ATLAS-CONF-2016-075
= FI LR W K e, ey Beper ¥ Yes 203 | 450 GeV mE] 02T |, A s p0 14005 5066
?E . ;....mr'ﬁ',)ﬁ - gag 0 A45kgeRjels - 361 iy 1075 e SUSYans 22
T Tep B0jE04b - 361 = 1 T 420 1704 08433
| BEE—hL B—hs Tep B-10jBteD4b - 6.1 iy = 1 TeY, i 20 170408493
fify, by 0 Zjpts + 28 - 36.7 [THE0E 10 Gav 110.07171
I I iy, i —b Bep 2k - 36.1 fi BR{y i/ 2005 1TI0.05544
Other Scaiar charm, 2-acf] 0 2 Yes 203 |# 510 GeV mii}}<200 GV 1501.01325
*Only 2 sefection of the avadiable mass limits on new siates or 10! i
phenomena is shown. Many of the limils are based on ] Mass scale [TeV]

simplified models, o, refs. for the assumplions made,
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SUSY is as dead (or alive) as ANY OTHER BSM theory

ATLAS Exotics Searches™ - 95% CL Upper Exclusion Limits ATLAS pPreliminary

o .
Sleni: 2017 [£d:=(3.2-37.0) b~ VE=8, 13 TeV
Model Ly Jetst ETT frdi) Limit Reference
T T T T T T T T T T T T T T T T T
ADD G | 8y Ueu 1-1)  yes 364 TISTeM a2 A LAY-CON 20 706D
ACD non-rsscrant - 2y - = 3T BETe  a—zHIFHIO (3FRH-FR-70- 7.2 80
MDD | - i - arc BETSY o NIRRT
ALY HH Ak 2 e 2T e | 3.7 E_,Q-Tel}_: a oM ATeW, e Tl T E0E0Z2EE
ACD BH multijet 1 3E gasTel a6 .Mn  ETeVulBs ‘5" Z02566
MNE1 &y — ¥ 2y o = 367 41 TeW o 0L CERM-ER- oy
Bulk RS Gun — WY — gpfv | e 1d Yag 264 1.75 Ty Sitdu —_0 ATLAS GOS0 5 us
2UCh ! BPP T =2b=3) Yas 157 1.6 TeW Tier (140, Fal- = wy L ATI ARG T 104
BHM A e Deap 2 rass 45TelV Al LAE-CO =307 7
H8M F = T 2 - - 261 2 rana 24 Tay ATI ARLGONSm0C T
Leptoshebic & — Gl - 2a == az e 15Tey I
Laploghobie 27— et T Lk L2 Yas - O 20 TaV | = 3% ATLAE COMWE 2078 214
BHAWE e 10 - Yo EE W mazs .1 Talr *TOEOATEE
W% 0 Y g made 1 Ds i al 267 | W e 3.5 TeV CERM-ER-21T 07
HYT & — W ZH model B muli-channsd 5.0 | WmEss 293 Te¥ : A LB - E0 TIE0
(BRI R Tog  ERO1] Yes 203 10213
2l agag - 2| - gy A 2LETEV LTOEE T
Clidyy e - - 261 A a0 T A ATLAS GO e
ol wirt EESeen thET] e 203 (S 5404308
S| weselor mesealor ] dirme 104) e 1-4j Yas G6.1 Al 1.5TeW =025, gl Eoimy) = ATLAS-C0MF-20" 72080
b men gtor (Dirac [k Oep, =1 Yoz E6 M 1.2TeV *TOLAERHE
WV EFT (Cirzc G PEY, 14, = 1]: e 32 M. T00 GeYf s 150 G R R
Szalar LD 17 gen -2 = 22| Lbiase 11 Tew Bl < AOEOEILE
Sraari 12 gen 2 3z Ly mass 1.05 Tev F=1 - S0Z06ISE
Szalar Lo #™ gan | ves 2o AT E §=0 ALV
WLO TT = H: X [ LR T e 127 T razs 1.2TeV w7 s He = ATLAE O 2072 104
WO TT — Z1+ X o Ellad| Yee 384 |FFes 116 Ta¥ T O Z) 1 - TEEANTE
VLG TT o Wh | X Teaw =llbz21h? Yo Zal T rmazs 135 TaW AT s W GEHM-EF-21-7-094
VI HES = Hb - X | w2 2B >3] Yao 203 NiE = MHE] . * s
VI M s A X Zr3ew  RET - brvied SH - b = 1408 52D
WLO BE — Wi X T 2lhb oz W9 oy 354 [ razs 1.25 TeV SR WAY = CIRM TP 2u s uug
VLD G o Walvy 1m =1 fas o0 ° GIE 0436
Excited quark o' — ye - 2 - 370 B0 Ta¥ Dl T AT A=l *ADEAEN
Encitad quark " — g3 1r 1j - 257 5.3 TeV sl o aod &, A — mlg*) CCRMCF 2077 =26
Lawiiod quark 5 2 0 - 11 - 13.3 b mann 2ATey ATLAE-CONE-20° 8060
Facired quark & — W iardeyn 1E2-G|  Yes fraic) fo—fi=fy=1 4" L0E3ed
Ewcited 2abon e 202 L g LER R
Excized =gton i - - @0 A= a ey AL1- 29z
| N5M kajorara » = Ml We]  #a T onnmang - SOA0EI2
Hige trinlat H== — 47 - - O srudueticn Al LAS-CON -3 T055
g tlalet 47" o ir T reeduction. 20H, 1w —1 1410
“onotop (hon-res prod) o Yag e peran = 0.2 12165404
il charged pariicles - - — Lt dodustien, [yl — dw - KR
waonetls manopoes - - - M seedicticn, [z g, spir 12 ° SOE.0E15E

= & L L gl L i L L
= =13 TeY =1
- 10 1 10 Mass scale [TeV]

*Dnty & selection of Ihe available mass imits on new slales or phengmena (5 sHown,
~Small-radivs (large-radius) fets are denoted by the letter | (]
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ATLAS and CMS SUSY searches:

Simplified Model Spectra/Analyses

— one production mode
— one decay mode (possibly cascade)

— all other particles “removed” from the spectrum
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ATLAS and CMS SUSY searches:

Simplified Model Spectra/Analyses

— one production mode
— one decay mode (possibly cascade)

— all other particles “removed” from the spectrum

= serves to communicate search results
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ATLAS and CMS SUSY searches:

Simplified Model Spectra/Analyses

— one production mode
— one decay mode (possibly cascade)

— all other particles “removed” from the spectrum

= serves to communicate search results

— unrealistic situation :-(

— re-interpretation possible :-)
(CheckMate, Smodels, Atom, Fastlim, ...)
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ATLAS and CMS SUSY searches:

Simplified Model Spectra/Analyses

— one production mode
— one decay mode (possibly cascade)

— all other particles “removed” from the spectrum

= serves to communicate search results

— unrealistic situation :-(

— re-interpretation possible :-)
(CheckMate, Smodels, Atom, Fastlim, ...)

= do not confuse limits in simplifed models with real limits
on SUSY masses!
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SUSY is as dead (or alive) as ANY OTHER BSM theory
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SUSY is as dead (or alive) as ANY OTHER BSM theory

= focus on the theoretically most appealing theory!
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SUSY is as dead (or alive) as ANY OTHER BSM theory

= focus on the theoretically most appealing theory!

— It is nearly inconceivable that there is no symmetry
between bosons and fermions (at low or high energy?)

— SUSY is the only non-trivial extension of (the SM) gauge symmetries
— SUSY gives you coupling constant unification

— SUSY predicted correctly the top quark mass

— SUSY predicted correctly the Higgs boson mass

— SUSY predicted correctly an SM-like Higgs boson

— SUSY predicted correctly DM properties
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3. 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?

— Future projects

Sven Heinemeyer — The Future of Particle Physics (Karlsruhe), 02.10.2018 10



What was seen at Run I?

“CMS PAS HIG-14-037

[S. Shotkin, talk at HDays17]

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

E 025 _GMS Preliminary 13=8 TeV L=19.7 fo"' E '1 80 - = 7% 1 ! [T o T d ]
& 5, r — Observed E 160F- ATLAS — Observed =
3 K 55 Expected = 16 m - e Expected -
a3 e.2— e Expected = 26 w140 .o =
>~ i o i N t2 0 i
= g 120 = =
_;_[ £ 100 1s=8TeV, [Ldt=203f" -
x 5 80F =
o 2 60F =
L i s
40— .
20[ —
- | ] L L 1 | | 1 | | | | L | |
P11 | | . | I L i | | i 11 ¢ | L1 1 | I I %0 BD 1 OO 1 20 140 160
85 Q0 95 100 105 110
m
m,, (GeV) i (6]

~20 excursion @~97.5 GeV

e ~20 excursion @~80 GeV

3. Gascon-Shotkin HDays17, santander, L5 5Sept. 22 2017

ner-e
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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

Sven Heinemeyer — The Future of Particle Physics (Karlsruhe), 02.10.2018 12



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

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

1]1[IIIIT | S0 O S L L R S A Y [ PO P

3 o2 10
g 10” 26 CMS PAS HIG-17-013
102F ——
-(8 10 1 ..-....-...‘............;}f.....L:E-............................................. 3 O 8 TeV. Excess w|th "‘2.0.0'
3 1074 ;-’ local significance at m=97.6
- 10_5 ...... ‘,z'...‘ 4 ¢ GeV
10°¢ 5 v
5 PR et M e A e o 13 TeV: Excess with ~2.9 ¢
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
g — mﬁ 1‘33;3‘“1 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 T T T TN T T ) T T G [ T o S, e
80 85 90 95 100 105 110

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

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
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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

Sven Heinemeyer — The Future of Particle Physics (Karlsruhe), 02.10.2018 15



What about ATLAS?

| 1 1 ] 1 I 1 I I I ] 1 I I ! L] 1 I I | I

1 BCMS Preliminary 19.7 fo™ (8 TeV) + 35.9 fo (13 TeV) ) ooof B
E . T' LI | T 1 1 | L | 1T 11 | T 1 11 | T T 1 It —_— : ATLAS Pl'eliminaw — Ob d :
ﬁw B H - = m =2 : : serve =
S I S 0 fsoaTev, 80T e Expected -
T . C - Expected £ 1o - & 180;— X—&W U ERL _;
% 1'2:_ ***** Expectedizcs_: S 150% []t2¢ =;
~, : E 140 3
2 T 1 T 120F 3
= o8 a & 100 =
i 2 g 3 =
T 0.6 - - C .
z . O 60t 3
© g -0 B -
0.4 - g o =
5 W 5
0.2 20t g
L I Ll I L I L1t I Ll I Ll : 0 : 1 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?
Sven Heinemeyer — The Future of Particle Physics (Karlsruhe), 02.10.2018 16




CMS and ATLAS in direct comparison:

3-5 1 1 |
— CMS obs. limit
2. === CMS exp. limit ||
—— ATLAS obs. limit
91 - == ATLAS exp. limit
\ —— CMS excess
_ 2.0
l:fg_-
e
° 15
1.0
0.5
0.0 — — ' — : '
6o 70 s 80 85 90 95 100 105 110
M;, :GrUV:

= everything well compatible with the excess!

Sven Heinemeyer — The Future of Particle Physics (Karlsruhe), 02.10.2018



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 — The Future of Particle Physics (Karlsruhe), 02.10.2018 18



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 call something ‘“significant” ?
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What about the MSSM?

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

= too small rates!
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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
| S A I S I S R S N TR L T T T T | | I T TR S T TR O
0.500¢ ] 0.5001
0.100¢

0.100
1 0.050

T

5 0.050f

0.010¢
0.005¢

0.010
0.005F

T

94 96 08 100 04 96 98 100
M, (GeV) M, (GeV)

= both "excesses” can be fitted simultaneously!

Sven Heinemeyer — The Future of Particle Physics (Karlsruhe), 02.10.2018 21



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. Biekétter, S.H., C. MufAoz, arXiv:1712.07475]

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

Sven Heinemeyer — The Future of Particle Physics (Karlsruhe), 02.10.2018

22



Can the urSSM explain the two “excesses”?
[T. Biekdtter, S.H., C. Mufoz, arXiv:1712.07475]

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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Next project?
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Next project? ILC reach for light Higgs bosons:

Example for discovery potential for new light states:
Sensitivity at 250 GeV with 500 fb-1 to a new light Higgs

[P. Drechsel et al. '17]

9hzz
gusMzz Indirect LHC
g v v . . v o sensitivity from
! measurements of the
Higgs at 125 GeV

Excluded

from 0-100F —— measured, LEP [(mH)

LEP — | — recoill, ILC [ (mH)

searches —— traditional, ILC 'y (mH)

&% —— LHC limit
0.010}

Could
probe : R\I— ag l'I'LT;:r_;mr";,f
the _ . e sensitivity
“CIVIS/ Higgs factory sensitivity: Recoil metho
bump,,”-”‘”:‘ h — bb search
at 95 20 20 80 80 100 120 740 160 _
GeV mH/GeV /f My, /GeV

= Higgs factory at 250 GeV will explore aTarge untested region!
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4. Conclusinos

e Quest for guiding principles: experimental data

SUSY performs very well = best motivated BSM theory

e DO not confuse limits in simplifed models
with real limits on SUSY masses!

e A new Higgs at 96 GeV?7?

— CMS sees excess in pp — ¢ — vy at 96 GeV
— ATLAS fails to exclude (interesting ‘“‘shoulder”)
— LEP sees excess in eTe™ — Z* — Z¢ — Zbb

— MSSM cannot explain the result (rates too low)
— NMSSM can explain CMS(/ATLAS) and LEP “excesses”
— urSSM can explain CMS(/ATLAS) and LEP “excesses”

— ILC/FCC-ee/CEPC could easily test/analyze this
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The Minimal Supersymmetric Standard Model (MSSM)

Superpartners for Standard Model particles

Standard particles SUSY particles

9

e

" o
r
-c‘-' "_;.r - ..

W Qusarks o Leptans o Force particles Squarks __,;_"1' Sleplons g:;i SUSY force
particies

Problem in the MSSM: more than 100 free parameters

Nobody(?) believes that a model describing nature
has so many free parameters!
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A. Unconstrained models (MSSM):

agnostic about how SUSY breaking is achieved
no particular SUSY breaking mechanism assumed, parameterization of
possible soft SUSY-breaking terms

most general case:

= 105 new parameters: masses, mixing angles, phases
(= many (close to) zero according to experimental data)
— no model missed (within the MSSM)

= O (100) parameters difficult to handle

B. Constrained models:
CMSSM, NUHM1, NUHM2, SU(5), mAMSB, sub-GUT, ...:

assumption on the scenario that achieves spontaneous SUSY breaking
— prediction for soft SUSY-breaking terms
in terms of small set of parameters

= easy to handle
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NMSSM Higgs sector  (Z3 invariant NMSSM)

MSSM Higgs sector: Two Higgs doublets

g (Hll)_( +<¢1+7z><1>/ﬁ>
1 = = o
1

= () (oo
H3 + (¢ +ix2)/V?2
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NMSSM Higgs sector  (Z3 invariant NMSSM)

NMSSM Higgs sector: Two Higgs doublets + one Higgs singlet
Hy, = (Hll ) _ (Ul+(¢1+73><1)/\/§)
2

Hi ¢1
F R
° Hz vo + (2 +ix2)/V2

S

vs + SR+ 15

Vo= (W% 4 [g\S|2)H1 Hy + (M3 + |AS|?) HoHo — m35 (e HYHS + h.c.)

12 2
49 +g

K
+ MeapHTH3) + 1572 +m§|S|? + (AAN(eapHTH3)S + ZA:S® 4 h.c.)

2
— — g —
(H Ay — HoH5)? + ) |H1H>|?

Free parameters:
>\7 K, AHL) MHia tanﬁa Heff — )\US
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Higgs spectrum:

CP—even : hqi, ho, h3
CP—odd : aq,an
charged : H+,H_

Goldstones : GO, G+,G_

Neutralinos:

M — Heff
compared to the MSSM: one singlino more

~0 ~0 ~0 =0 =0
— X1y X2, X3y X45 X5
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Mass of the lightest CP-even Higgs:

2 _ 2 2 .2
M} tree,NMSSM = M}, tree, MSSM T MZg_2 sin© 25

Mass of the CP-odd Higgs:

MSSM : Mfl = —m%Q(tanB + cotB) = uB(tan 3 + cot )
NMSSM : " M%" = pefrBesr(tan g + cotg)

With Berf = Ay + K S, eff = AS = one very light a;

Mass of the charged Higgs:

1
MSSM : M7 = M3 + Mg, = M3 + 5’0292

2
NMSSM : MZs = M3 + 2 (% - /\2>
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Mass of the lightest CP-even Higgs:

2 _ 2 2 .2
M} tree,NMSSM = M}, tree, MSSM T MZg_2 sin© 25

Mass of the CP-odd Higgs:

MSSM : Mfl = —m%Q(tanB + cotB) = uB(tan 3 + cot )
NMSSM : " M%" = peffBesr(tan g + cotg)

With Berf = Ay + K S, eff = AS = one very light a;

Mass of the charged Higgs:

1
MSSM : M7 = M3 + Mg, = MA—I— v2g?

2
NMSSM : M2y = M3 + v° <% - /\2>

MSSM. tree NMSSM . tree NI\/ISSI\/I ,tree

= My1SSMEree < pnMSSMITEE fone light aq, My oM > My

H=*
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What has been covered by ATLAS/CMS? And what not? And why?

ATLAS and CMS are searching for . ..

— direct gluino production
— direct squark production
— direct stop/sbottom production
— direct EWIino production

...O0r in other words:

— 1 jet, O leptons, ME'T
— 2/3/4/...jets, 0 leptons, MET
— 1 jet, 1 lepton, MET
— 2/3/...leptons, MET
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Example for SUSY production:

10 -

10

10

Y]

—

| IIIIIII| I IIIIII|

VS = 14 TeV

)~ —

NLO
---- LO

m [GeV]:

100 150 200 250 300 350 400 450 500

As in QCD: NLO corrections are cruciall
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Example for SUSY production:

LPCC SUSY ¢ WG

10

NLO(-NLL) 6(pp— SUSY) [pbl

—
-]
[y

[
-
V=N

IIIII I IIIIIIII I IIIIIIII I IIIIIIII I IIIIIIII
—_ —_
R =2

—
<

_4 | I | | | I |
10" =500 100

= uncertainties cruciall

| | I | | | I | | | - | [ I | | ol
600 800 1000 1200 1400 1600
SUSY sparticle mass [GeV]

#events in 20 fb ! 8TeV LHC data
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Direct stop production:
Top squark pair production, t - t()?

%I 900 T .I .I T Observed limit (+107°>")
O ATLAS Preliminary | = theory
=500 Expected limit (£10,,)
= 200 Vs=13 TeV, 36.1 fb™
All limits at 95% CL I ATLAS 20 bl y8=8 Tev
600 &

500

400

300

200

100

| i |
200 400 600 800 1000 1200
m; [GeV]

= simplified model, large regions uncovered
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Stop overview ATLAS:

700

[GeV]

M_o
%,

600

500

400

300

200

100

i, production, t—> b ff ¥ /t—c¥, /t—> Wby, />t Status: Moriond 2017

T T T | T 11 | T 11 | T 11 | T 11 | T 11 | T T | T T | T 1T | 1
. ATLAS Preliminary Y5=13 TeV _
[ B e why tOL 36.1 fb' [CONF-2017-020] -
- ity t1L 13.2 fb™ [CONF-2016-050] -
— Bi-wby t2L 13.3 fb”' [CONF-2016-076] =
- Eliocy MJ 3.2 b [1604.07773] _
|~ {s=8TeV, 201b" Run 1[1506.08616] B
| = Observed limits ==== Expected limits All limits at 95% CL ]
- ‘\ —]
VSRR _
L ! £ -:. . —d
- Wb .
'-(_ y " : F q i \ .
TR 7 Y s G O A N O I O . i
200 300 400 500 600 700 800 900 1000
m;, [GeV]

= several simplified models, large regions uncovered
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Stop overview CMS:

pp % tt t 9 t x? Moriond/EW 2017

; 800 | ] # % B & &
(‘B CMS Preliminary 35 9fb (13 TeV) .
~. 700 _— === Expected —
<r [ =SUS-16-033, 0-lep (H7"™) — Observed 1
= - —SUS-16-036, 0-lep (M) 5
6001~ —SUS-16-049, 0-lep stop =
- =5US-17-001, 2-lep stop ]
500 —
400:_ . AT . ';' _:
300 7 3 -
N : e ]
200 A =
100 Tk -
LD S . . . B
O | b || | | | | | l | | | | s I lw |

200 400 600 800 1000 1200

m: [GeV]

= several simplified models, large regions uncovered
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Be aware about squark limits:

~ CMS preliminary  35.9 fo' (13 TeV)
200lPP — 44 d—q ';Z? NLO+NLL exclusion E
= Observed + 1 Otheory S
1000l 222 Expected + 1 O pinan 5 1 -§
- ] "
Q i - n
- N
O 800 1 0O
o p— I 4 (&)
= - Y% JeTsrER =107 ¢
e I e . o
&, 600 1 =
i I £
>~ F -
400—
2 -4 "7 & 1072 &
- . 1 S
2 00k O
N F o
<
S - | o
= oL R | | 10—3 o
= = 400 600 800 1000 1200 1400 1600
&) -
= produced particle(m, [GeV}
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Electroweak searches:

CMS rreiiminary  35.9 fb™ (13 TeV)

PP > XX, > WZL,Z,
—Observed+ 10

theory

200

experiment

NLO-NLL excl.

=== Expected+ 1o

1{]0

=

\! 101

| I1IIII|

95% CL upper limit on cross section [pb]

= simplified model! Valid? Where?

il i 1 0-3
0 200 300 400 500 600

M_:=M_o [G eV
R
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LHC is looking for pp — )’ZI—L X5 — WELY Zx%

Reality: BR(Y — Z{{) = 1 is NEVER correct because Y9 — hx{ is possible

[A. Bharucha, S.H., F. v.d. Pahlen '13]

= huge reduction of exclusion region (where ¥§ — X¥{h allowed)
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More recently:

ATLAS and CMS are now also searching for

~+ ~ ~0 ~ ~0 1T~
pp — X7 X9 — WERY %3 — =Y hx§ — w=R§ 06§

CMS Preliminary \s=8TeV,L =19.5fb"
;l 800 [ T T T 1 | T T T 1 | T T T 1 | T T T 1 | T T T 1 | T T T 1 | T T T 1 ]
® E observed CL limits (95% CL) E
(O 700 —ppex%z (1.BF@D=08) T =
o SRLTEE PP X T (I, BFGD=1) ]
E‘* 600:_ ......... pp—>z°z (no7, BFW2)=1) B
500f. — PP L%, (ol BEWH)=1) " -
SERILIE PP =%, Xy (YL Fn=1) " :
s008 s
300 7 s =
2001 -
100t -

1 OO 200 300 400 500 600 700 800
m. = 0.5m.. + 0.5m,, m.=m, [GeV]
7, z, X, X,

= strongly reduced bounds!
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Next project? Theory study confirmed by experimental analysis:

N I I X1 I | 1 1 I 1 1
Léaj_l\cj . + ILC reCOiI ........................ ................... -
M sy " lsessssssssssssmEssmmEmEEEm E ------------------- —

= |_EP recoil
1 . = LEP SO% bb/tt ZZZZZ"'..ZZZZZZZZZZZZZZEZZZZZZZZZZZ A
_ +

10 1 :.Zli.ii'.'l..ifl.'.i!l'.ii-lii;i;::ZZZZZZZZZZZZZZZZZZZZZZZZ;‘I;ZZZZZZZZZZ.ZEI..ZZ'.I'.Z'.l'!ZiI-ZZ.'E:
:ZZZZZZZZZZZZZZZZZZZIII.IZ.'.'.'ZZ'!'ZZ-]-IZ-II-IIEI-ZH-IZ...ZZZZZZZZZZZEZZZZZZZZZZZZZZZZZZZZ
e e R o e e e oo e .

M., (GeV/c?)
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