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1. Motivation

We have a discovery!
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We have a discovery!

But what is it?

Q: Is it a Higgs boson?
: Is it the Higgs boson of the SM?
: Is it an MSSM Higgs boson?

: Is it a Higgs boson of a different model?

0 L O D

: Is it an impostor?
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We have a discovery!

But what is it?

Q: Is it a Higgs boson? = yes according to CERN!
: Is it the Higgs boson of the SM?
: Is it an MSSM Higgs boson?

: Is it a Higgs boson of a different model?

0 L O D

: Is it an impostor? = Nno according to CERN!
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We have a discovery!

But what is it?

: Is it a Higgs boson? = yes according to CERN!
: Is it the Higgs boson of the SM?
: Is it an MSSM Higgs boson?

: Is it a Higgs boson of a different model?

0P O L L

: Is it an impostor? = Nno according to CERN!

How can we decide?

A: Measure all its characteristics

A: Compare to the predictions of the various models
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We have a discovery!

But what is it?

: Is it a Higgs boson? = yes according to CERN!
: Is it the Higgs boson of the SM?
: Is it an MSSM Higgs boson?

: Is it a Higgs boson of a different model?

0P O L L

: Is it an impostor? = Nno according to CERN!

How can we decide?

A: Measure all its characteristics

A: Compare to the predictions of the various models

= QOverview about implications in the SM and MSSM!
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2. Higgs Physics in the SM
Current status of knowledge: the Standard Model (SM)

EIL.EMEIN
l“’ALl{ 11

= all particles experimentally seen
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2. Higgs Physics in the SM
Current status of knowledge: the Standard Model (SM)

EIL.EMEIN
l“’ALl{ 11

= all particles experimentally seen

= but it predicts massless gauge bosons ...
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Problem:
Gauge fields Z, W, W~ are massive

explicite mass terms in the Lagrangian <« breaking of gauge invariance

Solution: Higgs mechanism

scalar field postulated, mass terms from coupling to Higgs field
Higgs sector in the Standard Model: ,
ot b
Scalar SU(2) doublet: & = 0 1
¢ Y .:'
Higgs potential: % 5
, > :,/p >0
V(g) = p?|®fd| +A|oTe|”, A>0 @]/ .
<0
12 < 0: Spontaneous symmetry breaking / S
2 D]
minimum of potential at P | = = —\ S N
P (@)l =\ 55 =3
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b = L 0 (unitary gauge)
v2 \ v+ H

H: elementary scalar field, Higgs boson

LLagrange density:
Lhiggs =  (Du®) T (DMD)
— 94aQrPdr — guQrPcup
— V(P)
with
iD, = iy — godW, — g1Y By,

0
iO'QCD* QLN<ZL)7CDN( )7¢CN(
L (Y

Gauge invariant coupling to gauge fields
= mass terms for gauge bosons and fermions

&
||
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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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The challenges: (taken from

ggF, VBF, WH/ZH, ttH, BSM Higgs

s

Jet bin uncertainty

Higgs Cross Sections

(inclusive/exclusive) 0 ( HL H+0,1,2-jets
Differential K-factors gluon .
(effect of jet-veto etc.) W/Z
top/bottom Higgs decay
QCD correction NKLO + N™LL v L Branching ratios
EW correction, Mixed QCD-EW Higgs (QCD/EW corr.)

. . New particles
Heavy Higgs Line Shape ~ W/Z

SM Backgrounds & Interferences ¢/ Higgs p+
(soft gluon resummation)

Higgs Mass, Coupling and JFC \

PDF+a_ uncertainties
Renormalization/Factorization scale dependence
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The “solutions”: (taken from

ggF, VBF, WH/ZH, ttH, BSM Higgs

Cross Section

ggF // ’F/’:”/’;—:::/”
HIGLU (NNLO QCD+NLO EW) _

iHixs  (NNLO QCD+NLO EW) // Jet-veto
FeHiPro (NNLO QCD+NLO EW) ANKO L JetVHeto
HNNLO, HRes (NNLO+NNLL QCD) )00 O

ggh@NNLO (NNLO QCD) C/

VBF top/bottom
VV2H  (NLO QCD)

VBFNLO (NLO QCD) | -——-
HAWK (NLO QCD+EW) Higgs
VBF@NNLO (NNLO)

WH/ZH Y Higgs py

VH@NNLO (NNLO)

T eeE \

bbH

bbH@NNLO (NNLO QCD)
PDF: MSTW2008, CT10, NNPDF2.1, etc.

+ private codes.

ResBos (NLO+NNLL)

MSSM
FeynHiggs, SusHi
2HDMC, CPSuperH

W/Z

Higgs Decay
HDECAY (NLO)
Prophecy4f (NLO)

W/Z

Higgs Properties
MELA/JHU, MEKD
MadGraphd

NLO MC

aMC@NLO, POWHEG,
SHERPA, HERWIG++
MCFM
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The “solutions” (final update):

Tools for Higgs Phgsics

Cross Section

agF 2
HIGLU (NNLO QCD+NLO EW) “"'//
iHixs  (NNLO QCD+NLO EW)

EeHiPro (NNLO QCD+NLO EW)

———

\

HNNLO, HRes (NNLO+NNLL QCD) ANGOY
SusHi (NNLO QCD) 5\ Jet-veto
RGHiggs (NNLO+NNNLL QCD) gluon JetVHeto (NNLO+NNLL)*
agHiggs (approx. NNNLO QCD) L/
VBF top/bottom
VV2H (NLO QCD)
VBENLO (NLO QCD) ——
HAWK (NLO QCD+EW) Y o
VBE@NNLO (NNLO QCD)
V2HY  (NLOQCD) B

S HEes (NLO+NNLL
HAWK  (NLO QCD+EW) guon )  ResBos  (NLOSNNLL)

VH@NNLO (NNLO)
ttH

aoam ////

bbh@NNLO (NNLO QCD

HH _
HPAIR (NLO QCD) PDF: MSTW, CTEQ, NNPDF, etc.

+ pnivate codes.
* NLO+NNLL in differential

(compiled by

NLO MC
POWHEG MiNLO

MadGrapn5 aMC@NLO
SHERPA MEPS@NLO

LOMC
gg2VV

NLO ME

WiZ

Higgs Decay
HDECAY (NLO++)
Prophecy4f (NLO)

WiZ

Higgs Properties

MSSM/2HDM
EeynHiggs, CPSuperH
SusHi+2HDMC
HIGLU+HDECAY

Compiled by R. Tanaka, Jan. 2014
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Solutions provided by: LHC Higgs Cross Section Working Group

LHCHXSWG work is documented in:

uuuuuuuu L e T P
|||||||| iy MY, 72 Jaly
ORGANISATION EUROPEENNE POUR LA RECHERCHE NUCLEAIRE ORGANISATION EUROPEENNE POUR LA RECHERCHE NUCLEAIRE ORGANISATION ELUROPEENNE POLUR LA RECHERCHE NUCLEAIRE
CERN EUROPEAN GRGANIZATION FOR NUCLEAR RESEARCH CERN EuROPEAN ORGANIZATION FOR NUCLEAR RESEARCH CEEN sinoris DG A NEATIOL 0N NUTCLRAR NSEARCH
Handbook of LHC Higgs cross sections: Handbook of LHC Higes cross sections: Handbook of LHC Higes cross sections:
L. Inchusive observables 2, Differential Distributions 5 Fiigex Properties
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Authors: 64, 120, 157

Pages: 151, 275, 404
Citations: 730+, 360+, 160+
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How did we make predictions for the SM Higgs mass before observation?
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How did we make predictions for the SM Higgs mass before observation? Com-
parison of electro-weak precision observables with theory:

EW Precision data: T heory:
Myy,sin? Ogtf,ap, ... | <> | SM, MSSM , . ..

Y

Test of theory at quantum level: Sensitivity to loop corrections, e.g. H

SM: limits on My

Very high accuracy of measurements and theoretical predictions needed

Sven Heinemeyer — SUSY 2014, Manchester, UK, 22.07.2014 13



Example: prediction of My,

‘Theoretical prediction for My, in terms of My, o, Gy, Ar:

M3z 1—M—V2V (1+ Ar)
U Mg WGM

)

loop corrections

Evaluate Ar from p decay = My,

One-loop result for My, in the SM:
[A. Sirlin '80] , [W. Marciano, A. Sirlin '80]

2

ATi_loop = Ao — ;zvaP + Arrem(Mpg)
M
~ 6% ~ 3.3% ~ 1%

Sven Heinemeyer — SUSY 2014, Manchester, UK, 22.07.2014 14



Comparison of SM prediction of My, with direct measurements:

11g2 s2 M
Ar = — gQnglog il
96 2 ¢, My

general for EWPO:

2
a () * it

D\ ~
92 My MI%V

leading term: log(My)

first term ~ M7 with ¢4

= light Higgs boson preferred

80 . 5 March 201|2

68% CL

m,, [GeV]
oo
o
5

-
-
-
-------

[ 1LHC excluded
| —LEP2 and Tevatron
{1 - LEP1 and SLD

[LEPEWWG '12]

m, [GeV]
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Indirect prediction vs. “the discovery’:

6 March 2012 m i = 152 GeV
) G —
L +29 Aty =
= My =94_5, GeV ] — 0.027500.00033
----- 0.02749+0.00010
Mgy < 152 GeV, 95% C.L. 4 - -+ incl. low Q° data
“o<
2 3
Assumption for the fit: 27
SM incl. Higgs boson
1_
= no confirmation of |LEP LHC
Higgs mechanism 0 excluded Ny A excluded
40 100 200
m, [GeV]
= Observed excess well compatible with SM prediction
Sven Heinemeyer — SUSY 2014, Manchester, UK, 22.07.2014 16



Comparison for single observables:

A(LEP)

A (SLD)

ob et annnees

AFB

LHC average
10°

T ==

6 10 20

10°
M, [GeV]

- 109 *248

-66
+47
217 ;

| 387 +585

-169
+56
60 P

125.7 £ 0.4
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Future “My test” with ILC accuracy: [GFitter '13] [LEPEWWG ’'13]

For GigaZ used:3M, = 6 MeV, &m, =0.1 GeV, a, =47 10%, 8sinf8? )= 1.3x 10%, &Ry, =4x 10°

NR20_IHI‘HII|\III‘\II\‘III\|IIII|IIHJ\\I|IHI|HII_ 20 UL L L
< 18 Z_ SM fit pre |¢tion using current uncertainties (Sm= fit) fitter SME_Z | :
ies (8., = Rfit) a1 4
|- SMfTit prediction using estimated Giga riceriailGs "".'Géﬂé'sj""__ 4o ’ ]
, . 15- .
" = %y _
- EE 136 ] .

f 5 Ml Future
...................... \/ s O ]
y ___________M__'_"_i-_.‘_.: _______________ J 1
0IHI‘HII|\III%II{L.\L1#’IIII|IIH|\HI|IHI|HII
o0 60 70 8 9 100 110 120 130 140 130 0 T 2 R
M, [GeV] 50 75 100 125 150

m,, [GeV]

= MM ~ +6 GeV
= extremely sensitive test of SM (and BSM) possible
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Challenges for the future

1. Calculations for /s = 13 TeV,33 TeV,100 TeV, ...

(plus “normal” updates once better calculations become available,
holds equally for decay widths)

2. Precision coupling determination from future data:
Higher precision than for 2012 data (i.e. k prescription) needed
= Higgs Effective Field Theory

3. Additional Higgs production modes?

4. Triple Higgs coupling?

Sven Heinemeyer — SUSY 2014, Manchester, UK, 22.07.2014
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Calculations for higher energies:

g 103 ; | ;
< ¢ -

I
- 10° =
o u u
8 — _
@) — _
10 =
15 =
E T M, =125 GeV 7
- P MSTW2008 -

e /’(\

10_1E_I’, IQQ | | | | | | | | | | |_E
7 8 910 20 30 40 50 60 10°

\'s [TeV]

LHC HIGGS XS WG 2013
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Precision coupling/spin/parity determination from future data:

Problem:
— Kk prescription only accurate up to the 5-10% level

— only valid if data centers around SM values

Solution: Higgs Effective Field Theory [LHCHXSWG ’'13]

— effective Lagrangian: SM + dim 6 operators (# < 59)
— linear vs. non-linear parameterization ...

Existing tools (already):

— MadGraphb
— Hawk
— eHdecay

= NLO calculations? Will take time ...

Sven Heinemeyer — SUSY 2014, Manchester, UK, 22.07.2014 21



Additional Higgs production modes?

(taken from )
@ Surveyed [H, qqH, VH], [ttH/bbH/ccH], [tH+V/q], [HH, gqHH, VHH, HHH], :
L]
[VVH], [qgHV]. e e A. Djouadi, Physics Reports 457 (2008) 1
Q | Major procuction processes at LHC (H. ggH. ¥H)
Perhaps we are not go—goF  60.35pb -
qq—VBF 4.17zph *
: 1 1 n—WH 1.504 pb *
missing important process. A
1} Assaciatec Hogs production with haavy quarks (ITH)
goa—ohH  0.8-0.9 ph A Djouadi, Fhys, Rep. 457 (2008), Fig 3.50
goioo—1tH 0811 ph
goign—eoeH 0100t} ecH should be about 1/9 af hbH due to Yukawa and POF
) I Assoclalen Hggs production with a single 1op auark (TH+WHF)
Q bq—thq (14% of l'tH) by —tHLy T g2 m M. Farina et al. JHEP D5 (2013) 022, Tabla 2
bg—WiH ~20 o F.Maltoni et al.. Phys. Rev. D 64 (2001) 094023, Fig. 4
generated in HSG8 for kp=%1. gt = ladd B dem
v Higgs boson pairtrinie procucion (HH, goHH, WHH, HHH)
. > ———— e gg—+HH 3386t *
B T i ' 20 j qq—+HH =01 fb O. Dicus, Z. Phys. C 30 (1088) 583, Fig. 2 @1 7TeV
i e 0 < | ggigg—uHH -1 fb F. Gianorti et al., Eur. Phys. J. C 39 [2008) 293, Table 7 by C. G. Papadopoulos
e AR qq—aqqHH 1.807fb *
g —+WHH 043 fo *
qq—ZHH .27 fb *
gg—+HHH 0.044 10 *
vV Higgs procuction in association with gauge besons (WVWHH)
g —+WWH ~8-9 fb A. Djouadi, Phys. Rep. 457 (2008}, Fig. 3.42
qqZZH ~2 fb pT_y=10GeV, ly_yl<2.5
€ qg—HWaqg o B,
a qq—yZH ~3=4 b
(2% of VBF, 5% of WH) agYWH A5 [
; VI Higgs production in association with a gauge boson and two jets (HYgq)
interest for HL-LHC to measure Yp. qa—HWog 78 fb D. Rainwater, Phys. Lett, B 503 (2001) 320, Table 1 — 5% of WH 17
gg—HZaq
- - - qq—Hyqg
I —-—_L:—" d —_— —-—:-"‘:111 ..............................................................................................................................
:i;m.wq,' ? .; VIl Rare processes
2 1 4 :f‘v‘»’vw e qq—Hy Qi) A Djouadi, Fhys. Rep 457 (2008}, Section 3.6.3.7 (gg—Hy forbidden by Furry's theorem)
— e . e I—zH BR~4E- 14 B. Mele, 5 Felrarca, A Soddu, Phys, Lell B 435 (1938) 401 Tatile 1
. i 'l Difractive 7 I
 hittps dAtwiki_cern.chitwikidbin/view/LHCFhysics/HigosEuropean Strategy ]
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Triple Higgs coupling:

51035 ! T T | I =
< F :
+ 21 B
Y1t et— :
T E ------------- ”a'E
s [ P
\6 105_ \O QCm ————————————— f_,__f__’.:::-:;'_'_";;.‘; """"" _—g
s L U
- a0 9L T AT E
1= Rl e SUeT JUPPT I
E T ’,’ \ "‘—603 E
- - ' . ¢§\/O QGO . - \:\ KN\/O Q. ]
| ”,’{\\e\k ”’¢ p/w ]
10" Pt ~
E ’,*' MH:125GeV E
B MSTW2008 |
20 ]
107k | N

| | | | I | | | | | |
8 910 20 30 40 50 60 7080 10°

\'s [TeV]

= LHC perspectives unclear . ..

LHC HIGGS XS WG 2013
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3. Higgs Physics in the MSSM:

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

— MSSM always predicted M; < 135 GeV
— MSSM predicts (over large parts of the parameter space) that
the lightest Higgs is SM-like

= discovery can be identified with the lightest MSSM Higgs boson!
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The simplest case: MSSM with real paremeters
Enlarged Higgs sector: Two Higgs doublets

= (H% ) _ (Ul+(¢1+i><1)/\/§>
5 _
¢1

= (3) (vt o)
Hz vo 4+ (P2 +ix2)/V?2

V = miH{H1+ m5HyHy — mis(eq H{HS 4 h.c.)

12 2 2
g - +g _ _ g _
+ (H1Hy — HyH»)? + 5 |H1H>|?
N ~ _J/ \ /

gauge couplings, in contrast to SM = mj < My,
physical states: 0, HO, A0 H=*
Goldstone bosons: G9, G+
Input parameters: (to be determined experimentally)
tang =v—2, M2 = —m3,(tan 8 4+ cot3)

v1
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t sector of the MSSM:

Stop mass matrices

M2 — MgL + m? + DTy, me Xy
2 =

with

Xy =A—p/tanp

= mixing important in stop sector!

Simplifying abbreviation:

Msysy = Mg, =

My

mtXt MfQR —|— mtz —|— l)T't2

R

Sven Heinemeyer — SUSY 2014, Manchester, UK, 22.07.2014
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Most relevant issues about the MSSM Higgs(es):

1. Prediction of M,

2. Prediction of SUSY Higgs cross sections and branching ratios

3. Search for deviations in XS, BR induced by SUSY

4. Search for additional Higgs bosons

Sven Heinemeyer — SUSY 2014, Manchester, UK, 22.07.2014
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3 A) Prediction of M,

T he embarrasing situation:

Experiment:

ATLAS: MyP =1255+0.4+0.2 GeV
CMS: MyP =125.7+0.3+0.3 GeV
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3 A) Prediction of M,

T he embarrasing situation:

Experiment:

ATLAS: MyP =1255+0.4+0.2 GeV
CMS: MyP =125.7+0.3+0.3 GeV

T heory:

SMINeO ~ 3 GeV

Sven Heinemeyer — SUSY 2014, Manchester, UK, 22.07.2014

28



3 A) Prediction of Mj,

T he embarrasing situation:

Experiment:

ATLAS: MyP =1255+0.4+0.2 GeV
CMS: MP =1257+0.3+0.3 GeV

T heory:

SMINeO ~ 3 GeV

= T heory prediction must be improved
to match the experimental accuracy!
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Method I:
Higher-order corrections in the Feynman diagrammatic method:

Propagator/Mass matrix at tree-level:

2 2
0 qc —my,

Propagator / mass matrix with higher-order corrections
(— Feynman-diagrammatic approach):

> —m% + X pu(q?) > 1n(g?)
MﬁH(QQ) -
> (g?) q°> —m2 4+ 2p(q?)

iz-j(qQ) (7,7 = h, H) : renormalized Higgs self-energies

CP-even fields can mix

= complex roots of det(M?,(¢?)): M? (i=1,2): M? = M? —iMT

Sven Heinemeyer — SUSY 2014, Manchester, UK, 22.07.2014

29



Calculation of renormalized Higgs boson self-energies:

(%) =M (?) + =P () +...

all MSSM particles contribute

main contribution: ¢/t sector (&: scalar top, SUSY partner of the t)

Very leading 1-Loop:

Recent updates:

— O (asas) p2-dependent corrections
- O (af) corrections in cMSSM

= talk by Sophia Borowka
[W. Hollik, S. PaBehr '13]

= effects larger than current experimental accuracy

Sven Heinemeyer — SUSY 2014, Manchester, UK, 22.07.2014
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Advantages of Feynman-diagrammatic method:

— all contributions at fixed order are captured
— trivial to include many SUSY scales

— full control over Higgs boson self-energies
— needed for other quantities (production and decay)

Problems of Feynman-diagrammatic method:

— always only fixed order

— large logs not captured beyond the calculated order

Sven Heinemeyer — SUSY 2014, Manchester, UK, 22.07.2014
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Method II: Log resummation via RGE's:

Excellent recent overview paper: [P. Draper, G. Lee, C. \Wagner, arXiv:1312.5743]

Simple example for log resummation:

SUSY mass scale: Mgysy = Mg ~ my

Above MSUSY: MSSM
Below MSUSY: SM

Relevant SM parameters: — quartic coupling A
— top Yukawa coupling hy (ay = h?/(4 7))

— strong coupling constant gs (as = ¢g2/(47))
Procedure:

1. Take: hi(my), gs(my)
SM RGEs for hy, gs: ht, gs(my) — he, gs(Msg)

2. Take )‘(MS>>ht(MS)7gs(MS>
SM RGEs for )‘7 ht7gS: AahtagS(MS) — AahtagS(mt)

3. Evaluate M?
M;% ~ 2X(my)v?

Sven Heinemeyer — SUSY 2014, Manchester, UK, 22.07.2014 32



Advantages of RGE |log resummation:

— large logs taken into account to all orders

— calculation can easily be extended to very large scales

Problems of RGE |log resummation:

— not all contributions at fixed order are captured

— sub-leading logs more difficult
— momentum dependence

— difficult (impossible?): include many different SUSY scales

— difficult (impossible?): control over Higgs boson self-energies
— needed for other quantities (production and decay)

Sven Heinemeyer — SUSY 2014, Manchester, UK, 22.07.2014
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The best of both worlds:
to get the most precise prediction of Mjy:

Combination of FD and RGE result!
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The best of both worlds:
to get the most precise prediction of Mjy:

Combination of FD and RGE result!

Problem:
Some terms exist in both calculations!

One-loop:

Two-loop: AM? ~m? {atas [LQ + L] + of [LQ + L]}
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The best of both worlds:
to get the most precise prediction of Mjy:

Combination of FD and RGE result!

Problem:
Some terms exist in both calculations!

One-loop:

Two-loop: AM? ~m? {atas [LQ + L] + of [LQ + L]}

— subtract to avoid double counting = included in FeynHiggs2.10.0
= talk tomorrow in the “SUSY Precision” track
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Working group dedicated to SUSY Higgs mass calculations:

Katharsis of Ultimate Theory Standarc

\
Precise Calculations of

(NN

MPI Munich, German ¥
09.-11.04.2014

4iggs boson masses ool et

R. Harlander, S. Heinemeyer,
W. Hollik, P. Slavich, G. Weiglein

Next meeting: 20.-22.10.2014, DESY, Hamburg, Germany
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3 B) Prediction of SUSY Higgs Cross Sections (and BRs):
“Official” theory predictions for the MSSM Higgs XS: [LHC Higgs XS WG '12]

Masses, couplings: FeynHiggs
Cross sections: combination of Higlu, bbh@nnlo, FeynHiggs, ...

g ' ' L) | ' = §
— 2L Vs=8TeV ] = ..l \s=8TeV ]:
< 107 "z % 10 ¢ =
b ) P 18+ b .
=3 =3 10= =3

- =D s - =

g 4L N - i

© - - = - =

107 - 107 2

10% s = 10°E —bbA =

- ] TR bbh/H ]

10°F 3 10° £ tanp= 30 =

- mhmax scenario S - mhmax scenario \.;

10-4 | | I I | —10—4 | ! I I I

107 10° 10° 10°

M, [GeV] M, [GeV]

— most relevant cross sections (bbd: Santander matching)
= update for gg — P ...
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Update for gg — &: [LHCHXSWG - MSSM '13] [E. Bagnaschi et al. '14]

The old LHC-HXSWG numbers for gluon fusion

NLO top/bottom contributions from HIGLU + NNLO top bit from ggH@NNLO,
rescaled by MSSM Higgs-quark couplings from FeynHiggs:

¥l 2 tt tt $+2 bbb b - th
J(.‘?Ff _}‘f.-':”) = (Ht) (UNLD _!_‘&JNNLD) T (E’b) Onro T .'@J';.r 9p Tnro
- R Ccosa B sin a 1 Ayp
=:4., 1087 . 9 = sinf3 ’ % = cosl? 14N tan a tan 3
By = 22 o e Bl il 2
b = —3— Mg/ tan (mgl,m.éj,mﬁ) + ...

T _

= No stop/sbottom contributions (apart from those implicit in A ) ‘:"5

4 e O

= No electroweak contributions (not even the known SM ones) Tw.z

OO

From the first
“Yellow report™:
(1101.0593)

“In further steps we will have to include the full SUSY QCD
and SUSY electroweak corrections where available...”

[P. Slavich, talk given at HDays13]
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Update for gg — &: [LHCHXSWG - MSSM ’'13] [E. Bagnaschi et al.

In the MSSM, additional contributions to Higgs production
from loops involving superparticles:

TOON
At LO, 1-loop i ! ‘x}____ o
squark contribution: L (@=t.D)
’FOFETL‘I“L"

At NLO, different classes of 2-loop SUSY contributions:

gluon-squark: quartic squark coupling: gluino-quark-squark:
rm\ r’mm\ [j',[.. fm\
| . | - et | -
& s, T T Nd
§ii o > qi | "} Tk %, 9 -
-9 S : q
| [ .* = g
DO0 ¥ X B q; oo

Also, squark contributions from 1-loop diagrams with real parton emission

'14]

[P. Slavich, talk given at HDays13]
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Update for gg — &: [LHCHXSWG - MSSM '13] [E. Bagnaschi et al. '14]

Towards a state-of-the-art NLO calculation in the MSSM

= Bagnaschi, Degrassi, Slavich, Vicini
A joint effort:
= Harlander, Mantler, Liebler (SusHi)

Full NLO top/bottom + expanded NLO stop/sbottom + NNLO top + SM-EW

The road map (HDays’13)

Compare the two codes at pure NLO and understand any discrepancies
Explore different options for renormalization schemes (esp. large tanf3)

Determine best way to include known NNLO and EW effects

S S SN S

Produce new numbers and compare with the “official” LHCHXSWG ones

[P. Slavich, talk given at HDays13]
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Update for gg — P: [LHCHXSWG - MSSM '13] [E. Bagnaschi et al. '14]

A benchmark scenario with light stops and large mixing:
Mg=058TeV, Xe=1TeV, p= My=—350GeV, mz=15TeV

[parameters from Carena ef al., arXiv:1302.7033]

1000 150 200 250 300 100 150 200 250 300
T A Il A

odd9 /0, [P. Slavich, talk given at HDays13]
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3 C) Search for deviations in XS, BR induced by SUSY

Lastet coupling measurement (s framework) including all data:
[P. Bechtle, S.H., O. Stal, T. Stefaniak, G. Weiglein '14]

BR(H — inv) Very general model: |
RV, Ku, Kd, K[, Kg, kv, BR(H — inv.)
0.0

Ky using HiggsSignals with
80 channels from

fou ATLAS, CMS, CDF, D@

i — no deviations so far!

Ky
= Overview talk by

K

! Margarete Miihlleitner

Ky
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Re-interpretation of SM Higgs search results:

2 _ cin2 2 2 _ 2 2
Ihvy = SiN“(B — ) 9gyysm:  9gvy = COS°(B — &) 9fy v sm
= some coupling strength could remain for the heavy Higgs
CMS {s=7TeV,L=5.1fb";{s=8TeV,L=19.7fb"

I I I | IIIll|IIIIIII\I!IIIIIIIIII?II\|IIII|IIII|IIIJ|IIII|IIII

—
o

i —— Observed

_________________.___§:::::::::::ffffff ---= Expected
| EreEety
: Expected + 20

—

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

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

95% C.L. limit on o/ay,

-k
<

100 200 300 400 1000
my, (GeV)

= go ahead for stronger limits!
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3 D) Search for additional Higgs bosons

Search (interpretation) in new benchmark scenarios: [arXiv:1302:7033]

— designed to have M; ~ 1255 + 3 GeV
and to reproduce rate measurements

= designed to exhibit certain features of Higgs phenomenology

— light Higgs phenomenlogy
— heavy Higgs phenomenology

Not taken into account on purpose:

— Flavor contraints

— Precision observables

— Dark Matter

= can all be avoided easily by small model modification
that do not change the Higgs phenomenology

= do not overconstrain yourself!
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mZ‘Od"' scenario:

60
m; = 173.2 GeV,

50 M, = 1255+ 3 Msysy = 1000 GeV,
S 1 =200 Gev,
40 LEP excl. Mo = 200 GeV,
- X{7° = 1.5 Msysy
E 30 Ab e AT = At7

mg = 1500 GeV,

20 Mj, = 1000 GeV .

10

200 400 600 800 1000
M, [GeV]

= M ~ 125.5 GeV nearly “everywhere”
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mg‘Od"' scenario:

= effect of non-SM Higgs decays:

60

mod+

m, ™", M, = 2000

h
BR <0.1
LHC excl.
e LHC excl. (M, =200)

BR <0.1
0.1<BR<0.2
0.2<BR<0.3
0.3<BR<04
0.4<BR<0.5
0.5<BR<0.6
0.6<BR<0.7
0.7<BR<0.8
LHC excl.

LEP excl.

LEP excl.

600
M, [GeV] M, [GeV]

400 600 000

= strong impact from H/A — i?;}?,;}fj{f
= disover heavy Higgses and SUSY at the same time!

Sven Heinemeyer — SUSY 2014, Manchester, UK, 22.07.2014 45



Phenomenology at very low tan 8: Just one first example:
Msysy = mg = 10 TeV, Xt/MSUSY =2, Mo=p=1 TeV

Mg,sy = 10000, X /My oy =

10

M, <100

e 100<M, <110
110<M, <120

e 120<M, <125

e 125<M, <130

e 130<M_ <140

N '

x 1 1 1 | 1 1 1
200 300 400 500
M, [GeV]

2

O

(0¢]

\l

tanf3
H o1 (o))

w

N

= lower tan @ values possible! Relevant? = “new"” relevant decay channels!
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H — hh:
Msysy = mg = 10 TeV, Xt/MSUSY =2, Mo=pup=1 TeV

Mg gy = 10000, X/Mg g, = 2
10 | | | I I I I
N e 0.8<BR(H->hh)<0.9
9 N 0.7 <BR(H -> hh) < 0.8
B e 0.6<BR(H->hh)<0.7
8 N 0.5 <BR(H ->hh) < 0.6
B e 0.4<BR(H->hh)<0.5
. N 0.3<BR(H->hh)<0.4
C e 02<BR(H->hh)<0.3
6: I 01<BR(H->hh)<02
QL = =
c - ]
g I l I I ]
o
5 l l E
Al o ' 1
- B I i
3 ' ]
- . —
, - s | i
E | 11! t :
L | ‘ s | | L $ ’ ]
00

N

300 400 500
M, [GeV]

= important at low tan g = new benchmarks necessary ...
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A — hZ:
Msysy = mg — 10 TeV, Xt/MSUSY =2, Mo=p=1 TeV

Mg,qy = 10000, X /Mo, = 2
10 | | | | | | |
N 0.7 <BR(A->hZ)<0.8
9 - e 0.6<BR(A->hz)<0.7
N 0.5<BR(A->hZ)<0.6
8 - e 04<BR(A->hZ)<05
L 0.3<BR(A->hZ)<0.4
. N 0.2 <BR(A ->hZ) < 0.3
- 0.1 <BR(A ->hZ) < 0.2
« o ]
c B _
Q B ]
5 -
41 =
31 =
] s 1 V1 -
L ’ _
2~ i 1 1 .
- i .
N | | | | ! ! | ! ! ! ! ]
%OO 300 400 500
M A [GeV]

= important at low tan g = new benchmarks necessary ...
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The “exotic” solution:
the discovery is interpreted as the heavy CP-even Higgs

In principle also possilbe:

M, < 125.5 GeV
My ~ 125.5 GeV

Consequences:
— all Higgs bosons very light
— easy(?) discovery of additional Higgs bosons at the LHC

Constraints:

— direct searches for the lightest CP-even Higgs
— direct searches for the heavy neutral Higgses
— direct searches for charged Higgses

— flavor constraints (BR(Bs — utu™) etc.)

Sven Heinemeyer — SUSY 2014, Manchester, UK, 22.07.2014 49



The “exotic” solution:
the discovery is interpreted as the heavy CP-even Higgs

In principle also possilbe:

M, < 125.5 GeV
My ~ 125.5 GeV

Consequences:
— all Higgs bosons very light
— easy(?) discovery of additional Higgs bosons at the LHC

Constraints:
— direct searches for the lightest CP-even Higgs
— direct searches for the heavy neutral Higgses

— direct searches for charged Higgses <« strong constraint in the MSSM!

— flavor constraints (BR(Bs — utu™) etc.)
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The general possibility:
the discovered Higgs is the second-lightest one

— more contrived in the MSSM with real parameters
— ‘“easier” (?) possible in the MSSM with complex parameters

— “easier” (1) possible in the NMSSM — 8 talks, but ...
= light Higgs can be singlet like
can more easily escape detection

Is such a light Higgs detectable at the LHC?

— ho — h1hy possible, but strongly suppressed for Mh1 2 63 GeV
— so far no LHC searches for a Higgs with Mhl < 100 GeV
— Possible: SUSY — SUSY hy , e.9. X3 — X{h1
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LHC Higgs searches below 100 GeV:

o \
— crucial to cover extended AN LEP
. - (a
Higgs sectors i @ Vs = 91-209 GeV
_ I SM branchingratios ff |
— needed to re-check LEP exclusions
B —— Observed n
(~2.x0 “excess’ around 98 GeV) 4 Expected for backgroung
10 =
Best channel? hqy — vy 77 ]
You tell mel
-2
10 L ol

‘\\\

20 40 60 80 100 120
2

m,(GeV/c’)

= we cannot encourage you enough to perform this search!

Sven Heinemeyer — SUSY 2014, Manchester, UK, 22.07.2014



4. Conclusinos

e Higgs discovery fits well with SM predictions

— My prediction via EWPO
— prediction of cross sections x branching ratios

e Calculation challenges: LHC Higgs Cross Section WG provides

— higher-order total and differential cross sections, BRsS, ...
— property analysis strategies

— preparation for future challenges: higher energies, exotic modes, ...

e Higgs discovery fits well with lightest MSSM Higgs boson

— direct prediction of M,
— prediction of cross sections x branching ratios

e Unsolved calculation challenge: §M; P <« §MEheo

— combination of Feynman-diagrammatic and RGE calculations
— recent progress (see parallel sessions)
— dedicated working group formed ...

e Search for additional Higgs bosons:

— new benchmarks are in place: Higgs — SUSY, SUSY — Higgs
— even newer benchmarks needed for very low tang: H — hh, ...
— do not forget about (SUSY) Higgses lighter than 125 GeV!
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573. Wilhelm und Else Heraeus-Seminar

Physics Landscape after the Higgs Discovery at the LHC

9.-7.November 2014
Physikzentrum Bad Honnef

Invited speakers:

Markus Cristinziani (University of Bonn)

John Ellis (CERN, King's caollege)

Lyn Evans (CERN)

Tobias Golling (University of Yale)

Jofnne Hewett (SLAC)

Gino Isidori (INFM Frascati)

Marumi Kado (LAL, Crsay)

Foman Kogler (University of Hamburg)

Michael Kramer (FWTH Aachen University) - % L : W

Albert de Roeck (CERN, University of Antwerp) N TN VR o A N S Organized by’

Keith Olive (University of Minnesaota) R FASE: 27 0. Buchmiller (IC London)
Teresa Marrodan (MPI Heidelberg) S i . K. Desch (University of Bonn)
Margarete Muhlleitner (KIT) ™ - S Heinemeyer (CSIC, Santander)
Christian Sander (University of Hamburg)
Andreas Schopper (CEREN)

Dominik Stéckinger (University of Dresden)
Foberto Tenchini (INFM Fisa)

Tejinder Virdee (IC Londan) The seminar is kindly funded by the Wilhelm and Else Herasus Foundation.
Georg Weiglein (DESY) Full board lodging is provided for the participants.

Please apply - it's worth it! :-)

Mare information: http:/fheraeus-higgs20.1 4. physik.uni-bonn.de
Fegistration Deadline: 21 September 2014
Scientific level 3rdyear PhD Student or Fostdog
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