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1. Introduction

We have a discovery!

Q_O ETTTT | T TTT | T 1T | T 1T | T 1T | T TTT | T TTT | T TTH CMS !.'E - 7 Tev‘ L - 51 fb_1 l"g - 8 Tev‘ L - 53 fb_1
:(g ATLAS 2011 _ 2012 Obs. % _1 | T T 1 N O I §10_
o Is=7TeV: [Ldt=4.6-4.8 b - EXp. ‘_>'° 102 e AN o
\s=8TeV: [Ldt=585.9 1" £] L1072 Z
_____________ Juseson’  Elts 4 G107 ="
[ SN e g (o < 10° = ~— E
L N A, Io O 10 :E \\// ;
T o L A g — 40
o ] N N/
" 6 [ R —
AT O N o 10°F 350
6 10_ E .."s E
) T e 8 = **~ -
10° 0 107 ¢ e E
10° 10— e, J60
e PRI S O = | === Combined obs. 3
1?10 60 1 O_IO £ | === Expected for SM H =
o . 101 E|— 5=7Tev 4
Ev ool bvra b n bv v e s by v by 03 E—\I_ STGVI §70
110 115 120 125 130 135 140 145 150 1 0_12 = I L [ 1 I L [ 1 I | I - I L 1 1 I L 1 1 I L 1 1 I L 1 =
116 118 120 122 124 126 128 130
m, [GeV]
m, (GeV)
Sven Heinemeyer, Charged Higgs WS 2014, Uppsala, 17.09.2014 2




1. Introduction

We have a discovery!

ATLAS Preliminary Total uncertainty 19.7 fb™ (8 TeV) + 5.1 5" (7 TeV)
m, = 125.5 GeV + 16 + 20
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But there is more than meets the eye - more than experimental analyses!
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But there is more than meets the eye - more than experimental analyses!

Needed for these plots/analyses:

Precise predictions for

— SM Higgs cross sections
(incl. uncertainty evaluation)
— SM Higgs branching ratios
(incl. uncertainty evaluation)
— backgrounds
— included in validated Monte Carlos
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But there is more than meets the eye - more than experimental analyses!

Needed for these plots/analyses:

Precise predictions for

— SM Higgs cross sections
(incl. uncertainty evaluation)
— SM Higgs branching ratios
(incl. uncertainty evaluation)
— backgrounds
— included in validated Monte Carlos

as well as strategies for the extraction of
— coupling strength factors

— coupling structures

— spin, CP, ...
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But there is more than meets the eye - more than experimental analyses!

Needed for these plots/analyses:

Precise predictions for

— SM Higgs cross sections
(incl. uncertainty evaluation)
— SM Higgs branching ratios
(incl. uncertainty evaluation)
— backgrounds
— included in validated Monte Carlos

as well as strategies for the extraction of
— coupling strength factors

— coupling structures

— spin, CP, ...

Have to ensure that ATLAS and CMS use the same numbers/strategies
to compare and/or combine numbers
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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?

D RO O L L

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

How can we decide?

A: Measure all its characteristics
= SM predictions for XS, BR, couplings, ...

A: Investigate BSM physics:

— predictions for EW singlet, 2HDM, (N)MSSM, Composites Triplets, ...

— benchmark models needed
— Vi Vi, scattering?
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2. The LHC Higgs Cross Section Working Group

— created in 2010 (the year 2 BH) to take care of these issues

— re-organized in April 2014
New structure not “fully started” (ask me over coffee ;-)

@ Steering Committee Members

ATLAS CMS THEORY

Markus Reisaburo Chiara Alexander Charalampos Daniel de Christophe Fabio

Schumacher Tanaka Mariotti Mikitenko Anastasiou (ETH,  Florian Grojean Maltoni

(Freiburg) (LAL) (Torino) (Imperial, Zurich) (Buenos (Barcelona) (Louvain)
London) Aires)

@ Working Group Conveners

« We are organized in 3 working groups.

Higgs Bruce Mellado Pasquale Massimililano Grazzini Robert Harlander

ASGER (Witwatersrand) Musella (CERN)  (Zurich) (Wuppertal)

Higgs Michael Dilhrssen Andre David Adam Falkowski Gino Isidori (Zurich)
it | (CERN) (Orsay-LPT)

EEUNL TR Nikolaos Rompotis Mario Pelliccioni  lan Low (Argonne and  Margarete Andreas Weiler
(Torino) Northwestern) Mahlleitner (CERN and DESY)
(Karlsruhe)
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The group structure (I): SWG1: Higgs XS & BR

Task forces

® ogoH

e VH+VBF

o ttH

® bbH (bottom-initiated processes)
o HH

® off-shell production

® BR (continued from “old” HXSWG)

Thursday, August 28, 2014

— best available predictions (common for ATLAS and CMS!)
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The group structure (II): SWG2: Higgs properties

Main focus:

WG2 EFT qoals

Introduction to LHCXS WG2 EFT kickoff meeting
5 Sep 2014

= just started ...
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The group structure (III): SWG3: BSM

— take care of BSM physics

— first meeting: 07.10.2014

= not more details possible . ..

— charged Higgs 7!
— 2HDM's 7|

— MSSM 71

— NMSSM 71
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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

ggF V/
HIGLU (NNLO QCD+NLO EW) “"-//
iHixs  (NNLO QCD+NLO EW)

FeHiPro (NNLO QCD+NLO EW)

HNNLO, HRes (NNLO+NNLL QCD)
SusHi (NNLO QCD)

RGHiggs (NNLO+NNNLL QCD) gluon
agHiggs (approx. NNNLO QCD)

VBF top/bottom
VV2H (NLO QCD)

VBENLO (NLO QCD)
HAWK  (NLO QCD+EW) | =
VBE@NNLO (NNLO QCD) 99

WH/ZH Higgs pr

HAWK Eﬁtg gggle;. HoT/HRes (NLO+NNLL)

VH@NNLO (NNLO)

J:*“b;fw aco) %///

bbh@NNLO (NNLO QCD

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

—

) )
)
Jet-veto
JetVHeto (NNLO+NNLL)*

A\

, &
gluon

+ pnivate codes.
* NLO+NNLL in differential

ResBos  (NLO+NNLL)

(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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3. Success stories

LHCHXSWG work

17 Pubrsary

ORGANISATION EUROPEENNE POUR LA RECHERCHE NUCLEAIRE
CERN EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

Handbook of LHC Higgs cross sections:
1. Inclusive observables

Heepori of ibe LA Higes O Soctlin Waerking Gronp

IS

T
JJJJ

5. Diltmaier
€. Marjoiti
Gi. Passarine
K. ‘Tanoks

EFINA

documented in:

CEHN-271 200
14 Fammry 3012

ORGANISATION EUROPEENNE POUR LA RECHERCHE NUCLEAIRE
CERN EuROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

Handbook of LHC Higes cross sections:
2, Differentinl Distributions

Boport uf the 1IN Higes Crons Section Working Croup

Editors: 8. Dismaier
. Mariodii
G, Passaring
B Tanaka

CRNITA

Appeared: 01/11, 01/12, 07/13

Authors: 64, 120, 157
Pages: 151, 275, 404
Citations: 764, 375, 191

ORGANISATION EUROPEENME POUR LA RECHERCHE NUCLEAIRE
CERN EuROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

Handbook of LHC Higgs cross sections:

A Higgs Propertics
Heport of the LEC Bliges O St Working (eroap
Edlitons: 8. Heinenmeyer
€. Marioiti
(. Passarimn
K. Tamaka
GENENA
P
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“Official’” theory predictions for the SM Higgs: LHC production XS

102 E I I ] ] ] ] I ] I I E E
a - \s=8TeV 3t
%X el i
] E 2
£ | _
RS2
© 1 =
107 =
10-2 E_I | | | | | | | | I_E
80 100 200 300 400 1000
M, [GeV]

= best available prediction
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“Official’” theory predictions for the SM Higgs: LHC production XS

\'s= 14 TeV

=
o
N

L Pl

LHC HIGGS XS WG 2010

| llllll|

o(pp —~ H+X) [pb]

|

| llllll|

10+

1000
My [GeV]

100 200 300 400 500

= best available prediction
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Higgs cross section uncertainty:

=+

i i i i WiE i

@ g S ; 0oy o
P 4 ] 3
M,=125 GeV {:>‘ ? Y- i >u«5 A
.ll %
$ . | \ ogiiiibe.
na— g : q 3 H 4 i
K-factor, QCD scale and PDF uncertainties . ., e e e
7 TeV 8 TeV
Kanomio Scale Scale
Kyoro) e PO yppp =E PDF*a,  opf
ggF { :12[]%@% +78%  +8% 5% +7-8% +8%  +15%
VBF <1%
(+5-10%) +1% +4% 5% +1% +4% 5%
okl 2o +1% +4% 5% +1% +4% *5%
ZH (+30%) B - - - - =
ftH i +12 +12
(+5-20%) +3 -9% +3% 18% +4 9% +8% A7%

® Renormalization and factorization scale uncertainty study by M. Cacciari et al. work in progress.
@ Higher-order calculations, ex. ggF QCD scale: 8% @NNLO — 5% @NNNLO in few years ?
® PDF+a, (PDF4LHC prescription): +8% — <5% with improvements with LHC data ?
® jets, top, prompt photons and Z p; distributions contribute gluon PDF determination.
(but paradoxically, ggF is the best measure to determine gg parton luminosity around M =125GeV!)

(taken from )
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“Official” theory predictions for the MSSM neutral Higgs XS:
[LHCHXSWG - MSSM ’'13] [E. Bagnaschi et al. '14] [SusHiI]

A benchmark scenario with light stops and large mixing:
Ms=05TeV, X:e=1TeV, p=M=30GeV, mz=15"TeV

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

100 150 200 250 300 100 150 200 250 300
1 5 1l

o3t4 /g2 [P, Slavich, talk given at HDays13]
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“Official” theory predictions for light charged Higgs

Sources of theory uncertainties:

1. PDF and as uncertainties on o(pp — tt)

2. experimental uncertainties on my, affecting o(pp — 1)
3. Uncertainties of A,

4. Experimental uncertainties in SUSY masses entering Ay

5. Further missing higher order corrections in BR(t — H+b)

— How large are the uncertainties?

— How large are the corresponding effects?
= details: [S.H., talk at “Charged Higgs 2012"]

Sven Heinemeyer, Charged Higgs WS 2014, Uppsala, 17.09.2014
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Combination of everything:

o(pp — tF) x BR(t — HTb) x BR(t — WTb) x 2
Sl L R BN

(m) =166.8 GeV, m (m)=2.31GeV ]

-tanB=5

4 tanf3 = 10
= tanf3 = 30
tanf = 50

a(pp -> tt) BR(t -> H'b) BR(t -> W'b) * 2 [ph]
N
o

0
100 110 120 130 140 150 160
M Ht [GEV]

= non-negligible . ..

Sven Heinemeyer, Charged Higgs WS 2014, Uppsala, 17.09.2014
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“Official” theory predictions for heavy charged Higgs

Heavy charged Higgs NLO cross sections without SUSYQCD corrections, Update September
2014

Contact: Martin Flechl, Michael Kramer, Michael Spira, Maria Ubiali

A preliminary version (pending final discussion in a WG3 meeting) of a grid of Santander-matched cross sections in tan beta (1-60)

below. Contact Martin Flechl for questions of format etc, and Maria Ubiali, Michael Kramer, Michael Spira, Martin Flechl for physics-
related questions.

A paper documenting these numbers will be submitted to arXiv within a few days, and the reference added here.

— 2HDM type II
— no SUSY corrections (4Ap)

“Private’ extension:

= included into FeynHiggs to produce MSSM XS
— SUSY corrections (4) consistently added
— external Z-factor for on-shell charged Higgs added

Sven Heinemeyer, Charged Higgs WS 2014, Uppsala, 17.09.2014 20



“Official” theory predictions for MSSM heavy charged Higgs

Contact: Martin Flechl

SUSY-QCD NLO corrections can be added to the NLO cross sections at very good approximation by including the so-called delta_b
corrections. The delta_b values for the scenarios lightstau, lightstop, lowMH, mhmaxup, mhmodm, mhmodp and tauphobic are

Recipe to add delta_b corrections, for a point with charged Higgs mass mhp and tan beta tb (recipe from Sven Heinemeyer):
* Find the delta_b value corresponding to th
« Calculate tbeff = th/sqrt{1 + delta_b}
* Using the cross sections without SUSY-QCD NLO corrections, get the cross section which corresponds to theff (1)
« Multiply the result from the previous bullet with 1/(1 + delta_b) => this is your cross section [Note: corrected on 2014-01-27
thanks to Alexandre Nikitenko]

Note that this typically is not sufficient at low tan beta, where other SQCD-related corrections on top of delta_b corrections are not
negligible. There is no official recipe on how to deal with this, but a conservative way would be to assign an exira relative uncertainty
of 10% for tan beta<10 -- but of course these additional contributions depend heavily on the scenario.
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L2

— SUSY corrections (4A) consistently added
(taken from FeynHiggs)
— evaluated for MSSM benchmark scenarios
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MSSM benchmark scenarios in M4 and tan g [LHCHXSWG ’'13]

= maximize all contributions and assume M; = 125.5 4+ 3 GeV
60

S0 M, =1255+3

o M =1255+2

LHC excl.

40 LEP excl.

20

10

200 400 600 800 1000
M, [GeV]

= new bounds: M4 > 200 GeV, tang > 4
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MSSM benchmark scenarios in M4 and tanpj

= new scenario: m}TOd"'

60

mod+
m,

50 M =1255+3

M, = 125.5+ 2

LHC excl.
40 LEP excl.

20

10

200 400 600
M, [GeV]

[LHCHXSWG '13]

800 1000

= light Higgs mass ‘‘correct” over the whole parameter space!

Sven Heinemeyer, Charged Higgs WS 2014, Uppsala, 17.09.2014
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A “heavy” SUSY Higgs at 125.5 GeV?

10
my = 173.2 GeV,
Mjy= 110 GeV,
Msysy = 1500 GeV,
M = 200 GeV,
XO°2.45Ms sy

=
S low M, Ab — AT — At?
M, = 125.5 + 3 mg = 1500 GeV,
4 M, = 125.5 + 2

M, = 1000 GeV .

H rates > 90%

H rates excl.

h LEP excl.
h/H/A — tt excl.

H* LHC excl.

| 1 | 1 |
3000

500 1000 1500 2000 2500
u [GeV]

= My ~ 125.5 GeV can in principle be realized
= Nnow challenged by search for light charged Higgs ...
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Latest ATLAS results for charged Higgs searches: [ATLAS '13]

:""- _I | I I I I I I I I I I I I | I I I I | I I I I | I I I I | I I I I | I_
T ATLAS Prellmlnary Data 2012

< - —e— Observed CLs -
i \'s =8 TeV

T I Expected _

- [+ J.Ldt =195~ -

- + 20 3

10 — —

_I | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | N

90 100 110 120 130 140 150 160

my+ [GeV]

= model independent limits!
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Latest ATLAS results for charged Higgs searches: [ATLAS '13]

EI 102 EI I L L L | L | I I | L | I I | | I I | I IE
= - ATLAS Prellmlnary Data 2012 -
h  —— Observed CLs i
° 1o Expected \'s = 8 TeV .
- [ +1o 1 -

- [ J+20 ILdt =19.5fb :

1 3

107 E
107 E

10'3 _I 1 1 I L1 1 1 | 1 1 1 | | 1 1 1 | | 1 1 1 | | 1 1 1 | | L 1 1 1 | 1 1 1 | | 1 1 1 | I I—

200 250 300 350 400 450 500 550 600

my- [GeV]
= del independent limits!
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Latest ATLAS results for charged Higgs searches: [ATLAS '13]
. 60
% — — - Median expected exclusion
+ [__1 Observed exclusion 95% CL
50 Observed +10 theory
Observed -10 theory
- Expected exclusion 2011
40 Observed exclusion 2011
30
20
10
0
90 100 110 120 130 140 150 160
m . [GeV]
= exclusion of light Mg+ in the my'®* scenario!  ...low-Mpy?
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Application of charged Higgs limits on low-Mg scenario:

—
I
1

ATLAS 7 TeV

ATLAS 8 TeV 7
I T T AT AT I I e
104907115 120 125 130 135 140 145 150

M,- (GeV)

= that (particular incarnation of the) low-My scenario is excluded?
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Application of charged Higgs limits on low-My scenario:
[HiggsBounds 4.1]

10

©

8
/
. 6
=
= 5
4
3
2
=05 1 1.5 > 25
w/Msusy

= that (particular incarnation of the) low-Mpg scenario is excluded?
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“Official” theory predictions for the SM Higgs: branching ratios

[LHC Higgs XS WG ’'13]

r— 1 T T T | T T T | T T T | T T T T T Ii 2 r— 1 T |
é - ~ WW 3 é -
= bb £ e F
QO I s QO I
O - 13 &) B
c z c
Dotk Tt A ZZ |2 DygiLTr
T =T -
o - . o |
[ - =t
+ | cC ] + |
ad -2 ad -2
mM10“ = = Mm10“
7)) = . 7)) =
D ’ D
2 ] 2
I - 3 I -

10° < 10°

i .
10—4 | | | | | | | | | | | | | | | | | | | | | | 10—4
80 100 120 140 160 180 200 90
My [GeV]

Based on HDECAY and Prophecy4f:

= best available prediction based on code combination

rgp=rib_r

HD ~HD
zz —Tww+1T

P4f
af

‘ | | I HH‘
LHC HIGGS XS WG 2013

1000
M, [GeV]
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“Official” calculation of MSSM BR’'s:

1.

2.

6.

7.

Input parameters to FeynHiggs (native format or SLHA)

FeynHiggs = Higgs masses, couplings, decay widths/BRs
Output via SLHA file (total width and BRS)

. SLHA file is stored and fed to HDECAY

. HDECAY = decay widths

Output via SLHA file (total width and BRS)

“Script” reads both SLHA files, extracts total and branching ratios
= calculation of partial widths

“Script” calculates total width:
FH/P4f FH/P4f

Mo =T o5 + Tonum + Ty eowem T Ty 20009
HD HD HD HD
T I‘ w5 T rqb—>tt T oSt hosgg T sy T r¢—>Zv

“Script” calculates BRs
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“Official” calculation of MSSM BR’'s:

1.

2.

6.

I

Input parameters to FeynHiggs (native format or SLHA)

FeynHiggs = Higgs masses, couplings, decay widths/BRs
Output via SLHA file (total width and BRS)

. SLHA file is stored and fed to HDECAY

. HDECAY = decay widths

Output via SLHA file (total width and BRs)

“Script” reads both SLHA files, extracts total and branching ratios
= calculation of partial widths

“Script” calculates total width:
e = MPE* - ) +1"HEHE* - 7o) + TP ET )
+ rAPHT = cs) + T (HF — AW) + T (H* - HW) + ...

“Script” calculates BRs

Sven Heinemeyer, Charged Higgs WS 2014, Uppsala, 17.09.2014 31



Example results: charged Higgs BRs in mg‘Od"'

tang =10
]_OO FT — L AL A B S T T 1 LI I = P
- 15
B 3
- 1¢
_ 5
107 =3
T
% 10-2 — mhm°d+, tanB: 10 =
o E = BR(H ->tb) E
- = BR(H ->cs) |+
i —— BRH->1v) | |
BR(H->puv)
3 -
10 - 3
10'4 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 | 1 | 1 1 1 1
100 200 300 400 500 600
M., [GeV]

scenario: [LHCHXSWG '13]
tan 3 =50
El T ™= T T T T T | T T T T | T T T T T T T T E 2
:
L mhm°d+, tanB=50 ||
- —— BR(H" ->tb) |7
B —— BR(H->cs) |4
T —— BRH->1v) | |
BR(H -> vu)
| 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
100 200 300 400 500 600
M, - [GeV]

= kinks from chargino/neutralino thresholds
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Effects of A, on production x decay:

t tan g
o wita,
b
Abzﬁmgu tang x I(mg ,mg ,mg)—l—ﬁAt,u tanpg x I(mg ,mz, 1) + ...
37 1 2 47 1702

= Oother parameters enter = strong p dependence

+ tanzﬁ
(14 Ap)2
~ tan?p y F(HE = 1vr)

(1+24)2  rTHDMg= 5 4b) /(1 4+ A2+ T(HE — 7v7) + ...

x BR(HT — 7v7)

= nNo compensation of A, effects for light charged Higgs
= partial compensation for heavy charged Higgs
= crucial: consistent treatment of Ay
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Latest (interim) recommendation: XS, BR in the 2HDM: [LHCHXSWG '13]

LHCHXSW(G-2013-001

KA-TP-41-2013
LU TP 1344
PSI-PR-13-17
WUB/13-19

LHC Higgs Cross Section Working Group

Interim recommendations for the evaluation of Higgs production
cross sections and branching ratios at the LHC in the
Two-Higgs-Doublet Model

R. Harlander', M. Miihlleitner®, J. Rathsman®, M. Spira®’. O. Stal®

— SusHi & 2HDMC = talk by Oscar this afternoon
— Higlu & Hdecay

— updates/improvements expected (Powheg, MadGraph5, ...)
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e 2HDM cross sections (gg — @&, bb — ¢): HIGLU [Spira] and SUSHI [Harlander,Liebler,Mantler]

— ngDM 2 ggHDM 2

& (99 — @) = (tw) ow(g9 — @) + (QS—M) obb(99 — @)

£ b

2HDM _2HDM

g g
+ ;EM ;‘EM th(gg_> Q’)}
- ONNLO — ONLO
Ac¥NLO(gg — ¢) = AKnnpo 05%(gg — ¢), AKNNLO = Lg - =
L

Vs o(gg — h)/pb o(gg — H)/pb o(gg — A)/pb

/TeV | SusHi HIGLU [% | SusHi  HIGLU % | SusHi HIGLU %
7 21.99  21.25 3.4 | 0.07199 0.06996 2.9 | 4.061 4.063 0.06

8 28.02  27.07 3.5 | 0.09895 0.09617 2.9 | 5.639  5.642 0.06
13 63.94 61.79 3.4 | 0.2845 0.2766 2.8 | 16.69 16.70 0.06
14 72.03  69.60 3.4 | 0.3303 0.3212 2.8 | 1945 19.46 0.06

e 2HDM branching ratios: type I-IV:
2HDMC [Eriksson,Rathsman,Stgal] and
HDECAY [Djouadi,Kalinowski, MMM, Spira]
both include higher-order (QCD) corrections

¢ Recommendation: Use
2HDMC, HDECAY for BRs, Sushi, HIGLU for cxn; taken from
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Many further success stories:

Sven Heinemeyer, Charged Higgs WS 2014, Uppsala, 17.09.2014

36



Many further success stories:

Analysis of interference effects for gg - H — V'V

10000

100

dU/dMWW [fb/GeV]

1e-06

1e-08

0.01

0.0001

L g9 (— H)

— W-W = by, Mp=125GeV
L pp, /s = 8TeV, standard cuts ]
——— |H|*4|cont]|? |

| H+cont|?

——  Hoftshell

---- Hzwa

~a—.
—
-~
—
——
-~
———

A —— 1

gg2VV

300

400

500

600

gg — H —- WW:

-10% negative interference for
light Higgs and large positive
for heavy Higgs

—MCFM, gg2WwWwW

gg — H — Z 7
similar, but smaller effects

strongly cut dependent
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Extraction of coupling strength factors [LHCHXSWG 12, '13]

Assumptions (for 2012 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 tensor structure wrt. to SM

Recommendations (for 2012 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: ky, Kz, Kt, Kp, k1, -.. @D extra loop contributions

to o(g9 = H), T(H — gg), T(H — vy), Mg tot

. benchmarks:

— one parameter: overall signal strength K2 = 7
— twoO parameters: Ky (= Ky = Ky, Kp = Kt = Kp = Kt = . ..
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Recommendations continued: [LHCHXSWG 12, '13]

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

— additional contributions to I g tot are allowed:

= Determination of ratios of scaling factors, e.g. k; nj/nH

— no additional contributions to I' g tot are allowed:

= Determination of x; (evaluated to NLO QCD accuracy)

= all “official” coupling strength factor determinations based on this
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Example of application:

s=7TeV,.L=51f" ys=8TeV,L=196fb"

CMS Preliminary Mk 68% CL
' = 05% CL
]{V -*I-
1
pe '
B
f : Py, = 0-37
Mz e p,,, = 0.41
1
. -'*-
My : b, = 0.39
q\., II*I
Mg : Pe., = 0.49
Kg _-.i..
K T e
: Pg,, = 0-23
BR —0.41
B“Mr_ P :
~ L 1 1 1 | L 1 1 1 | L 1 1 1 | L1 1 1 |Sh:1 I

0 0.5 1 1.5 2 2.5
parameter value
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More important topics:

e Jet-bin uncertainty
— reduction in jet-bin uncertainty for 1-jet exclusive in particular
— ggF—+4-2jets contamination in VBF category;
how to reduce contamination and assoc. uncertainty?
— developments of other categorization methods

e Higgs pr uncertainty
— Higgs pr in ggF important discriminant against VBF and SM bg
— mass effects important at large pp
— NLO corrections: Mz < m?, p#
— NLO top mass effects small up to pp ~ 300 GeV
— finite b-quark mass effects in pr at NLO7?;
soft gluon resummation for small pp

e progresses in (N)NLO Monte Carlos
— Higgs signal: replace POWHEG H 4+ PYTHIA with MINLO HJ
(multi-scale improved NLO)
= NLO in H inclusive and H-jet distributions
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4. 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?
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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 ...
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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 ]

Sven Heinemeyer, Charged Higgs WS 2014, Uppsala, 17.09.2014 44



Triple Higgs coupling:

51035 | | | | | E
o = -
2 T :
+ 2 ]
T 10 = e 5
1 N\ Pt
% - e ,”” .... n
5 10F Q@O R
- WO e =TT e C 1
o o Q\\N T D) =Tl SE e S (NNLO @ .
B e Tt CO) .= PR ol |

—————— A QO D= _
1= o077 L e =" =
- T L 220 es) -
- ,%’\,OQGO ,*”\:\(N\’OQ i
| ”’,{\\e\k ”’, p/w —]
10_15_”99/7 ”’¢¢ _E
- - M, =125 GeV I
B MSTW2008 .
2L |
10 — | |E

| | | | | | | | | | |

8 910 20 30 40 50 60 7080 10°

= new subgroup to be formed

\'s [TeV]

LHC HIGGS XS WG 2013
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e Important for Higgs discovery

e Important for Higgs property extraction

e Important for BSM Higgs phenomenology

e Important for charged Higgs phenomenology

e Ongoing and crucial effort also for 2015+ data!
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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.

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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