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BSM Physics with Higgs bosons

additional Higgs bosons
non SM decays of h(125)
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Layout

* Run | direct searches for additional Higgs
bosons and interpretation of oxBR limits in
MSSM and 2HDM

— ¢->1;1; (I):h’H’A MSSM and 2HDM Higgs sector:
+ CP even h and H, CP-odd A, H*
— H*->1v Higgs sector is defined by:
two free parameters at tree level in MSSM: m,,, tanf3
— A->Zh :
seven free parameters in 2HDM:
— H->hh m,, my, m,, m.,, o, tanf, m,,

* Preparation for Run Il searches



Benchmarks and tools used so far by ATLAS and
CMS for the interpretation in MSSM and 2HDM

* MSSM benchmark scenarios, arXiv:1302.7033:
MSSM Higgs Boson Searches at the LHC:

Benchmark Scenarios after the Discovery of a Higgs-like Particle

M. CARENAY? S, HEINEMEYER®, O. STALY, C.E.M. WAGNER?® AND G, WEIGLEIN T

— tools: XS - HIGLU, SusHi, FeynHiggs; BRs: FeynHiggs+HDECAY
e 2HDM tools (no benchmark scenarios yet), arXiv:1312.5571:

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+FeynHiggs or HIGLU+HDECAY
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¢->17 : “model independent” limits
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¢->T7 : interpretation in MSSM benchmark scenarios
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H*->tv: “model independent” limits
and MSSM interpretation
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tan B

What MSSM Higgs boson is discovered horH ?

CMS (unpublished) hH,A—tt, 19.7 fb™! (8 TeV) + 4.9 fb™ (7 TeV)
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A->Zh: the o x BR I|m|ts
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e so far 2HDM interpretation is done in the “physics basis,”
CP-conserving with input: m,, m,, m,, m,, o, tanf3, m,,

— additional parameters Ae,A,=0 as result of Z, symmetry (H,->H,,

H,->-H,) and m,, is taken as in MSSM: mAZ-leZ/(schosB)-ksv2

with ?»5=0 as in MSSM
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A->Zh->€8bb: interpretation in 2HDM
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Work on proposal for 2HDM benchmark scenarios:
- 0. Stal, H.E. Haber: work in progress on benchmarks in 2HDM Hybrid basis
- Call from LHCHXSWG/WGS3 for defining 2HDM benchmarks for LHC



MSSM “low tan3“ mode: H —» hh — yybb

* Search strategy:

— looking for signal in m,, distribution for yybb events selected
within m,,, and m_,,, mass windows
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MSSM: “low tanf3“ scenarios ()

* Interpretation of H->hh and A->Zh ATLAS/CMS analyses in
MSSM requires MSSM with very heavy M, to have

m, =125 GeV at low tanf3 where BRs H->hh, A->Zh are large
BR H->hh in Sven’s low-tb-high Reopening the low-tanf regime”
o Scenario o -, _Djouadi, Quevillon, arXiv:1304.1787
E i |
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e Scenarios proposed (to ATLAS and CMS) so far:
— Sven Heinemeyer’s “low-tb-high” scenario (FeynHiggs)
— hMSSM (A. Djouadi et al. arXiv:1307.5205)

* with 3 nput parameters: m,, M,, tanf3
* implemented in HDECAY; BR(H->hh) w/o EWK radiative corrections yet
12
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tan 3

MSSM: “low tanf3“ scenarios (lIl)

Comparison of FH and hMSSM with 2HDM EFT (Carlos Wagner, Gabriel
Lee) is on the way within LHCHXSWG (Pietro Slavich) to provide
recommendations and limitations for these scenarios for ATLAS and CMS

— so far m,, m,,, and mixing angle a agrees within 5 % for small p and large p (in
no mixing, X,=0 and max mixing cases) between hMSSM and 2HDM

— still need to compare BRs; no yet EWK corrections to BR(H->hh) in hMSSM

Comparing FeynHiggs and hMSSM in Sven’s low-fani3 scenario
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H->hh; from M. Spira talk 12" Febr, WG3

H — hh: process-dependent corrections

_______

® Mgih — Arpn + DA gpple o — effective coupling (EFT)
heavy particles decouple [keep my] Appelquist, Carazzone
= process-dependent corrections coincide for hMSSM and 2HDM!

1’2771;
S e e

tan 8 = 15 o = 1TeV . .
m o= 140GV A=u=0 — Brignole, Zwirner
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tanp

Complementarity between precision
measurements of h(125) and direct searches (l)

Carena, Haber, Low, Shah, Wagner, arXiv:1410.4969
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Conclusion from Run | analyses
about MSSM and 2HDM Higgs bosons

* MSSM
— light A, m, <~ 250 GeV (low m scenario) is excluded

* 2HDM

— light A (< m,) is allowed

— scenarios are possible
* m,=125 GeV or m_,;=125 GeV,
* alignment or decoupling (for m, =125 GeV)
* wrong sign Yukawa
* Inert 2HDM (do not mention in my talk)



Preparation for Run I



MSSM: inclusive cross-sections

 New for 13 TeV analyses (s. Liebler, talk on 9t LHCHXSWG workshop Jan 2015 ):
— bb¢: add y,y, interference term
— gg->¢: change scale (u/p, from m, to 0.5m,) and uncertainty
— PDF+a, uncertainty as function of m, (not for every SUSY point)
— 13/14 TeV root files for Run | benchmark scenarios (Carena et al. 13)
— Santander matched xs for pp->H*tb; new scale setting for 5FS
arXiv:1409.5615 g [T
Improved cross-section predictions for heavy charged ! tan p=30 ]
Higgs boson production at the LHC ) L0 matched
Martin Flechl'?, Richard Klees®, Michael Krimer®*, Michael Spira®,
and Maria Ubiali®” 107 == matched -]
L ——4FS ~
[ —5FS =~
200850 B00 850 400 450 500 550 600
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210{? R _§ 21027 % :& mminimum: tgg ~ | —
IL 10 1 I. 10F . -+ 5FS i
% 1 h H " % L3 hi ] g — matched
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MSSM/2HDM: signal generation (l)

* bb¢ : from LO (PY6, Sherpa) to NLO

— current recommendation of LHCHXSWG: use pp->bbH 4SF
MG5 aMC@NLO (M. Weisemann et al arXiv:1409.5301)
* will be updated once ongoing studies with Sherpa are finalized
* have (at least) two NLO MCs and 4FS vs 5FS comparison
* p;"is harder at NLO
* Difference in jet veto used for MSSM H->1t analyses is ~ 30 %

obability / 2 GeV

10-3||\||\||\|\||||
0 20 40 60 80 1

o'

TT \$§\=I ‘8I-I|—\eyl

________

pp—bbh, m =400 GeV

.....

.........

ll  sclections | pp->bbA, A->7t, m,=400 GeV

14/04/2015

1 Il 1 1 1 1 Il Il 111
00 120 140 160 180 200
p:, GeV

MG5_aMC@NLO+PY8  PY6
p;* >45 GeV, [n°| < 2.4 0.895 0.860
>= 1 b-jet, 0.383 0.346

p; >30 GeV, |n|<2.4
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MSSM/2HDM: signal generation (11)
* gg->¢ : proper generation of Higgs p;

p; Higgs spectrum depends on tanf3 and on resummation scale for t, b and tb

dependence on tanf3

g Ty
“a
s .
t,b,t«yv ————— hH, A
g .90000

1. Spira et al. hep-ph/0604156
2. J. Alwall, Q Li, F. Maltoni arXiv:1110.1728

3. E.Bagnaschi, G. Degrassi, P. Slavich, A.Vicini.

arXiv:1111.2854
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MSSM gg->¢ : proper generation of Higgs p;

In CMS we (Yuta Takahshi+++) try a new procedure for MSSM
gg->H generation based on LHCHXSWG recommendation for SM
gg->H generation (E. Bagnaschi, M. Wiesemann, R. Harlander):

— generate 5 SM gg->H datasets with only t, only b and t+b in the loop:
* gg'>H (tl Qt)r gg'>H(tr th)l gg'>H(br Qb)l gg->H(bl th)l gg->H(t+bl th)

— add them together weighed with the SM cross-sections and MSSM
Yukawas at a given m,, tanf3:

* 0(Q,Qy,Q,,)=Y2XC s (Q)+YL 20 Q) +Y, YO P sl Qi)
— where 6'%,(Q,,)=6"5\,(Qp)-" s (Qup) -6 s ( Q)

most recent Q,,Q,,Q,, scales Csm % Myua and Yy, Yy, vs tanp from

from Emanuele Bagnaschi Stefan Leibler
http://www.desy.de/~sleibler/LHCHXSWG

# mh htop hbot htb(interference)

gg ig ig g 5 - T Parent Directory 27-Mar-2015 12:04
100 42 14 7 £ 600 E SM-b_13000_higgs_A_6..> 30-Mar-2015 18:48 18k
110 44 16 8 5003_ —a B SM-b_13000_higgs_h_6..> 30-Mar-2015 18:48 18k
120 47 17 8 ’ 1 | SM-t+b 13000 higgs A..> 30-Mar-2015 18:48 18k
igg gg ig g 400;— - E SM-t+b_13000 _higgs_h..> 30-Mar-2015 18:48 18k
140 52 19 10 300:_ _ SM-t 13000 higgs A 6..> 30-Mar-2015 18:48 18k
150 55 21 11 C ] SM-t_13000 higgs_h_6..> 30-Mar-2015 18:48 18k
160 58 22 11 200k 3 mhmodp_13000_higgs A..> 27-Mar-2015 12:06  2.1M
176 61 23 12 mhmodp_13000_higgs &. .= 27-Mar-2015 12:06 133k
180 64 24 13 F L
190 67 26 14 100:' E mhmodp_13000_higgs H..> 27-Mar-2015 12:06 2.2
200 71 27 14 0: =V BT B R mhmodp_13000_higgs_H..= 27-Mar-2015 12:06 135k
0 1000 2000 3000 % mhmodp_13008 _higgs_h..> 27-Mar-2015 12:06 2.2M
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Open a new mass search region
for pp->bb¢ and gg->¢, ¢->uu, Tt analyses

 ~20 GeV<m,<60GeVin2HDM Type Il
* Motivated by Gunion et al. arXiv:1412.3385, arXiv:1405.3584

2HDM Type Il, m;=125.5%2 GeV, m=m;/2 2HDM Type I, m;=125.5¢2 GeV, m <m/2
10° e 10° .
s=8 TeV Vs=8 TeV
Ty nd 2
|10’ = 10
= 2
T =
T b & 10!
= =
o =
=
Z10? = 10°
T z
gg 1 = -1
Sio 510
100 ||||||||||| 10-2 I ! I I 1 I | ] | ] |
5 10 15 20 25 30 35 40 45 50 55 60 65 5 10 15 20 25 30 35 40 45 BOD B5 60 65
my [GeV] my [GeV]

* Re-consider public 8 TeV analyses; will continue with 13 TeV data

Events/2 (GeV)

dN/dm._. [1/GeV]

Data/MC

)

"‘.1 fu
E“"’"‘ Mﬁ% m %



* o(gg->A) at low m, can be much bigger than c(bbA)

— gg->A contamination in b-tag category can be significant
from to two sources: oy, ;

-

e gg->A+gluon EEEEse— tb L
— gluon->bb 09995 Tt

— gluon is misstaged as b-jet Jr NTET L CY8 Sl

< F SM gg—h, POWHEG+PY8 B
Al B |
%01 5 m, ,=30 GeV ,;
2HDM Type II, m,=125.5+2 GeV A noselestens ]
10° TR e T :
B 5 ...:o... - 7
- 3:}f"'°' N3, . . 1
..:‘.;::!': ’..“. e o© .
[ S IR L D * sl
,_"5:102 — 't': TR IR :-;,.- 3 'l b
o) - . :’.2.. .0.. .‘.0 :. J :“o..‘ \‘* » 0‘.’0: 10 — 1 L]
T [ R ;,-‘{»f.;'}:" RN 4N . Brown = wrong sign Yukawa cases:
< 2.’ .'..0 .. .'-. ¢ ..'0‘3 .Q' ". . c . ~
[ P n A N e s gg->A/bbA ratio ~ 10
. Y o: e o'. '.. e .: $.
10 SRR SR P e at m,=30 GeV
- . - . ? . .
- J. Gunion, Jiang Yun e - 1 Blue = normal sign Yukawa cases:
o | prlivalte clomlmulnicptiqn o] gg->A/bbA ratio can be 100
10 111 1111 1111 1111 1111 1111 1111 1111 1111 1111 1111 111

5 10 15 20 25 30 35 40 45 50 55 60 65 at m,=30 GeV

m, [GeV]
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How to generate gg->A+g, g->bb ?

Discussed with T. Sjostarnd, M. Wiesemann, M. Spira, S. Frixione, F. Maltoni

— for now use NLO gg->A (POWHEG, aMC@NLO) and see how often you get events with
bb from gluon splitting in shower.

MC generator bbh, gg->A NLO
aMC@NLO_MG5 in MSSM genaration Q, is varied as

+PY8 0.5, 2.0 of nominal scale Q=15 GeV
with Q, variation

Parton level 0.5, 2.0 of the SM gg->A b-quark only in loop
- inal 0=0.25
selections sfelnlnl el POWHEG+PY8  \rcom tanB=40
POWHEG+PY8
pHh2> 25, 25 GeV 0.005 0.018 7.44x10%
|T]"‘1'2| <21,24 0.004/0.006 5.8/8.4x10*
>=1 jet, p;>30 0.867 0.835 0.695
GeV, |’|‘||<Z.4 0.851/0.898 0.682/0.670
>=1 b-jet, p;° > 30 0.819 0.042 0.030 (30%*)
GeV, |n°| <2.4 0.856/0.796 0.037/0.047
total eff, € 3.7x10°3 6.4x10* 1.5x10°

Ratio g(gg->A)/g(bbA) < 017 0.0041 =




* In wrong sign Yukawa cases (high tanf}) gg->A
contamination to b-tag category is negligible

* In normal sign Yukawa cases (low tanf}) gg->A
contamination in b-tag category is dominant !

— how certain are predictions for gg->A+gluon, gluon->bb ?

Date: Thu, 19 Mar 2015 15:30:00 +0100

From: Marius Wiesemann <dr.wiesemann@gmail.com>
To: Alexandre Nikitenko <anikiten@mail.cern.ch>
Cc: Michael Spira <Michael.Spira@psi.ch=
Subject: Re: question on gg-=h+g, g-=bb (II)

Hi Sasha,

I discussed the issue with my MG5_aMC colleagues and they basically

said the same. Either to do gg->H at NLO to get b's from the shower
or/and pBoduce b-loop induced gg-=H+bb in 4FS (I am currently figuring
out if that is already feasible with MG5 aMC). Fabio agreed with Michael
that the latter will suffer from large logarithms, but also pointed out
that it should be sufficient to obtain a first estimate when appointing
an conservative error to it. This maybe more reliable than relying purely
on the shower.

Unfortunately noone had an idea how to match the two, but I think if they
are reasonable close, the right answer is somewhere in-between.

Cheers, Marius

Message from T. Sjostrand:

Date: Mon, 16 Mar 2015 15:45:17 +0100

From: Torbjorn Sjostrand <torbjorn@thep.lu.se>
To: Alexandre Nikitenko <anikiten@mail.cern.ch>
Subject: Re: question on gg->h+g, g->bb

Dear Sasha,

It is a tricky question. The shower falls within the error bars of LEP
measurements on g -> b + bbar, and consistently includes the b mass.
It qualitatively describe Tevatron/LHC data, but quantitatively not.
So I am afraid the picture is not fully clear yet. Specifically,

the status in the m(b + bbar) = m Z region may be of special interest
for you, and here I am not up to date on what has been done ta pin
down rates by comparing with control processes like Zbb.

You can of course also compare with the LO process hbb, e.g. with
Madgraph + Pythia, but then with unknown NLO corrections to the rate.
At least it can be useful to compare with the shower ansatz. As usual,
the shower should do better for small bb masses and the matrix elements
better for large.

Best, Torbjdrn

g->bb from shower gives qualitative rather than quantitative description



“Exotics”

h(125)->XX analyses (CMS) with 8 TeV and continue with 13 TeV

— inspired, in particular by
* Stefano Moretti et. al, arXiv:0805.3505
* King, Mubhlleitner, Nevzorov, Walz arXiv:1211.5074
* M. Strassier et. al, arXiv:1312.4992

— h(125)->AA->4t, 2m_< m, < 2m,, approved with 8 TeV
— h(125)->AA->pubb, 2m, < m, < m, /2 still to be approved

LFV h ( 125)'> u’t _————) CMS preliminary _19.7 fb”, \s = 8 TeV

e 0 Jets

h(125)->invisible (VBF, Zh) . _

T 1 Jet
= 2 - |
> F CMS 95% CL limits ut . 2Jets
L sF ° had .
Latest ATLAS = "°E Combination of VBF and —— Opserved limit 124 8%
. = s ZH, H— invisible P - —
16~ =% ------- Expected limit
analysis on A A 1,0 dets L
h 125 . . & "F L=189-1971b e g lmit (20) 087 69,
- o | % 12 {s=7TeV (Z(I)H onl xpected limit (20 - —
VBF ( ) >Invis o 125 L=4.9fb'1( firen) bt 1 Jet
i 0.81 *0859,
BRObS < 0'29 o8l b T
O 3 ‘ E Ht, 2 Jets _
B R < 5 0.8 005 18 -
= h—ut
0'2:_|....1....1..1.|l..|...t....l 089 5t % i
5 o 5 T30 3 0 VT Y N RS ST P BETT SR S
my [GeV] -15-1-050 05 115 2 25

Best Fit to Br(h—pur), %



Prospects for 2015-2016

* No immediate discovery for Higgs-Exotics channels with first 5-10 fb! is
expected so far: rare processes, need luminosity

— with ~5-10 fb! at 13 TeV expect to reach 8 TeV/20 fb! sensitivity
of current 8 TeV analyses and start to explore a new territory

J. Stirling 2013 A. Djouadi et al arXiv:1502.05653
WJs2013
100 ———r — — &
[ ratios of LHC parton luminosities: 13 TeV /8 TeV f ] 40 hMSSM
H s LHC 7,8 TeV
r 25fb™
S MSSM
=R .
© o A/H/H "
2 ol qg i 8 7 CIAH-
g b 1 g L =AY
= 4 EH > ww
£ - 3 [CIH>2zZ
h A, DM A+ T
’ . . 2 EH »hh
MSTW2008NLO ! 100 200 300 400 500 600 700 1000
N N . L N M, (GeV)
1000 M. Carena et al arXiv:1302.7033
M, (GeV)
~0 ~+ .
X%, production
e 300§CMS Preliminary ™ ﬁﬁ::: f;:n“: f;: é 0.2 <BR<D
8- Vs=8TeV _ 2; 0 :I:HTJZ;J] ] ® 03<BR<0.
% 7[]():_|CHEP 2014 _ 2:2: L zrne) ,E- s 04<BR<0S5
~ ook . = LT (W) ® 05<BR<06
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THE END




* Non b-tag category is also dominated by bbH at large m,

19.7 tb™ (8 TeV) + 4.9 tb™ (7 TeV)

CMS hHA-
% 60 l: T | T T T | T T | | "a ]
=1 CL(MSSM,SM)<0.05: .
S 1
50 [ |— Observed .
----- Expected )
- + 16 Expected .
a0f .
L + 20 Expected 1
30[ ’ -
20f & 8 -
10 > [T miS"+ 125:3 Gev]
. MSSM m*** scenario -

L I L L L

L L I L 1 L I L L L n
200 400 600 800 1000
m, [GeV]

m,=300 GeV m,=600 GeV
tanp = 20 tanp=20
o(gg->A+H)/o(bb->A+H) 0.16 0.08
o(gg->A+H)/o(bb->A+H) X (g, . 1/Epp.) P 0.20 0.27
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bbH MC

— harder Higgs p;

* p,is sensitive to shower scale, Q, in
MG5_aMC@NLO

+ use Z+b data to tune Q_, and apply it to Htb st s s i
— (very) different efficiency of the jet veto

pp—bbh, m =30 GeV

probability / 2 GeV
=

— PYTHIAG
ffffff aMC-MG5+PY8, «=1/4
= aMC-MG5+PY8 =1

107

o

. . © 107L Agads 3

* change of selection strategy for light S I s E

. o 2 = §
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Signal selection efficiencies MG5_aMC@NLO+PY8 vs PY6
for pp->bbA, A->up, m_=30 GeV

_ Selection on muon p;, GeV |n| < 2.1 for both muons

10 15 20
NLO+PY8 PY6 NLO+PY8 PY6 NLO+PY8 PY6
Muon selections 0.368 0.379 0.059 0.057 0.013 0.014
>= 1 b-jet after p's sel. 0.104 0.106 0.280 0.379 0.558 0.731
p; >30 GeV, |n|<2.4
1 b-jet 0.628 0.751 0.643 0.722 0.553 0.640

no other jets |n|< 4.7

* Huge difference in additional jet veto

— decided to change a search strategy dropping the jet veto
from the selections



