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A broad picture of my research
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Outline

@ HiggsBounds and HiggsSignals
@ The MSSM Higgs sector

@ Charged Higgs boson in the 2HDM

@ Outlook: current projects
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HiggsBounds and HiggsSignals: Code overview

Team: P. Bechtle, D. Dercks, S. Heinemeyer, T. Klingl, TS, G. Weiglein

http://higgsbounds.hepforge.org

HiggsBounds HiggsSignals
Confronts BSM Higgs sectors with Confronts BSM Higgs sectors with
exclusion limits from LEP, Tevatron LHC (& Tevatron) Higgs signal
and LHC Higgs searches rate and mass measurements
= excluded/allowed at 95% C.L. = x2 (sep. for rates and mass)
g ‘ATLIASPnIeIiminIary T st S £z, wam’uﬂevb‘ % H CD(MGEZ“E';".:; c";-;'b' (ETE\:T::Z;Z;SV)
=L \s=13TeV, 147 fb" i ;%900 | 3 Ml (VBR tag | Py =084 .
; rrrrrr 147 fo’! 2 Feoo |l 3 :::yv (&: ::g; —-r
3 5 i ;‘; 700, g r:'l - zzzZ (nzn_ Jz) -
E oL 5'2“.?,”§SM tanB=60 _| ool H_,;,w((o,‘"je‘; 4
x - 3. E sool 10 H—> WW (VBF tag) -
= 1 H—> WW (VH tag) ——
) 400 H— WW (ttH tag) . —
TF E W 3
8 200/ H—x (VH tag) ——
e 1 H—x (ttH tag)
sl 1 1 1 1 Lo lisitasd L 100, H—bb (VH tag) -
1077200 400 600 800 1000 1200 1400 1600 1800 2000 d B H*bb(“H‘sa)d‘ 5 —;—!i—;— :
my [GeV] M, (GeV) ) Best fit o/og,,
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HiggsBounds: Main structure

HiggsBounds

User interface

Settings

Experimental input
Number of Higgs bosons, > Initialization e
expected/observed 95% C.L. limit

i
selection of experimental data | |
]

Theory input

Higgs masses, total widths,
(SM normalized) cross sections,
branching ratios, CP properties

assumptions fulfilled?

sensitive analysis
SM-likeness, CP, etc.

(Qmodel VS. Qexpec)

I
i
i
I
1
i
i
i
i
| Determine most
i
|
i
i
i
i
i
i
i
i
i

Output Apply most
Is model 95% C.L. excluded? sensitive analysis

Observed ratio (Qmodel/Qobs); | |
channel information !
i

| (@model Vs Qobs) running HiggsBounds

For LHC non-SM Higgs searches ¢ — 777~ and LEP Higgs searches
the full exclusion likelihood can be obtained.
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HiggsSignals

@ Same user input (theoretical predictions) as in HiggsBounds.

e calculates x? for signal rate measurements

Xgates = (ﬁ - “)T(Cov)_l(ﬂ’ - l")a
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HiggsSignals

@ Same user input (theoretical predictions) as in HiggsBounds.

e calculates x? for signal rate measurements

Xgates = (ﬁ - “)T(Cov)_l(ﬁ’

AN

Combined
w=100s014
H—yy (untagged)
H—yy (VBF tag)
H—yy (VH tag)
H— yy (itH tag)
H-=ZZ (0/1 jet)
H— ZZ (2 jets)
H— WW (0/1 jet)
H— WW (VBF tag)
H— WW (VH tag)
H— WW (ttH tag)
H =7t (01 jet)
H — Tt (VBF tag)
H - (VH tag)
H — Tz (itH tag)
H—> bb (VH tag)
H— bb (ttH tag)
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HiggsSignals
@ Same user input (theoretical predictions) as in HiggsBounds.
e calculates x? for signal rate measurements
2 ~ T —1/ A
Xrates — (“ - “) (COV) (“ - l")a

/

" _ ;eim,apl [oi(pp—H)x BR(H—XX)]model
H=XX = 5 ey [01(pp—~H)XBR(H=XX)lsm

Tim Stefaniak (DESY) HiggsBounds and HiggsSignals DESY Fellows Meeting 2017 8 /17



HiggsSignals

@ Same user input (theoretical predictions) as in HiggsBounds.
e calculates x? for signal rate measurements
2 ~ T —1/ A
Xrates — (“ - “) (COV) (y’ - l")a

T

Correlated uncertainties (AL, Acj, ABR) or

correlation matrices from experiment

Tim Stefaniak (DESY) HiggsBounds and HiggsSignals DESY Fellows Meeting 2017 8 /17



HiggsSignals

@ Same user input (theoretical predictions) as in HiggsBounds.

e calculates x? for signal rate measurements

Xgates = (ﬁ - “)T(Cov)_l(ﬂ’ - l")a

e calculates x? from mass measurements [y = (125.09 & 0.24) GeV],
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HiggsSignals
@ Same user input (theoretical predictions) as in HiggsBounds.
e calculates x? for signal rate measurements

Xgates = (ﬁ - “)T(Cov)_l(ﬂ’ - l")a
e calculates x? from mass measurements [y = (125.09 & 0.24) GeV],

e combines rates of multiple Higgs bosons (if relevant),
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HiggsSignals

@ Same user input (theoretical predictions) as in HiggsBounds.

e calculates x? for signal rate measurements
~ T 1/~
Xgates = (u - “) (COV) 1(“ - /J')a
e calculates x? from mass measurements [y = (125.09 & 0.24) GeV],

e combines rates of multiple Higgs bosons (if relevant),

many validation tests against official fit results (using x framework).

01 0.6 08 [ 12 T4 0.6 0.7 0.8 0.9 10 L1 12
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HiggsSignals

Same user input (theoretical predictions) as in HiggsBounds.

calculates 2 for signal rate measurements

Xgates = (ﬁ - “)T(Cov)_l(ﬂ’ - l")a

calculates x2 from mass measurements [y = (125.09 & 0.24) GeV],

combines rates of multiple Higgs bosons (if relevant),

many validation tests against official fit results (using x framework).

0.1 0.6 08 [ 12 T4 0.6 0.7 0.8 0.9 10 L1 12
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LHC Run-1 observables

in total: 85 signal rate + 4 mass measurements

(July 2015)

Vh — Vbb (00) [8 TeV] |- ——
Vh — Vb (16) [8 TeV] |-

Vh — Vbb (24) 8 TeV] |
Vh 20) [3

=]
{

Vh— VIWW (: /) 8

i
thal

y (untagged 1)
~ (untagged 2)
~ (untagged 3)
(VBF, dijet 0)

")

1, — WW — (wlv (ggF) [8 TeV] [ ATLAS — CMS (R 118 TeV) h — W — 2020 (0/1 jet)
— ity (\'Bb; s TeV]| | ——i —— H[8 TeV] h — WW — 2020 (VBF
7 ﬁ ZZ — At (ggH like) [8 TeV] S —— — 48 TeV] h — WW — 2020 (VH)
R L | S e = emyis 2z
h — 7 (central, low—py) [8 TeV] | i 5 ] i'lr:;/ " 44(:"4,‘1 (i’]‘\',))
h — ~7 (forward, high—pr) [8 TeV| | [ — ~ = S TeV] 1 0 asBe 11
h =y (forward, low—pr) [8 TeV] [ S —— < 18 TeVI & — 7y (untagged 1)
h N (ttH, had.) [8 TeV] = —= 18 TeVih = 7y (untagged 2)
2 xe = ——— H[8 TeV] h = 57 (untagged 3)
h — 7 (VBF, loose) [8 TeV] | —_— =T S ToV] 7t 5 1 (e 1)
" H 7,7(? G s m; STvIT E . —— 1is Tev] b — 4~y (VEF, dijet 0
1, =y (\’II duu) 8 TeV] | — —_— 18 TeVih — t 1)
h =~y (VH, 10) [8 TeV] | ——— S P——e———fj[8TeV] h =
h— v (ttH, lep.) [8 Tev] b z = {8 TeV] h — v
h = 7, (VB ; 8 TeV] | — ——— 8 Tevih —
h = (boosted) [8 TeV] | B = 8 TeV] h — v~ (VH, loose)
h — 7er, (VBF) [8 TeV] L —— —_— 48 TeV] h — vy (VH, tight)
h — 77 (boosted) [8 TeV] ———— = 8 TeV] h — v (t¢H, multijet)
h— 7 (VBF) [8 Tev| L SR — 1 [8 TeV/| & — 77 (ttH, lepton)
h = 77 (boosted) [8 TeV] 1 S —_— o 417 TeV] h — v~ (untagged 0)
>
=
%
L —
e
L —
L
=

i 4 8 Tov s 0 —_— e i - (VBF. dijc
Vh — VIWW (40) [8 TeV] b _ H — 0 ) = 5 [L eV h VBF, dijet 1)
ith — Te2m,) [8 Tovi Fo= e m——TE | VH, )
tt h | B XTI g ;
it — mulilepton (2007, |3 To\’] n — . 1 S —T ;g% 5, y Exg il.m))
(2017,) [8 TeV] B = TeV] h v (VH, loose
/,/,1,, — multilepton (3¢) [8 TeV] | - 7 TeV] h — 77 (ttH tags)
tth — multilepton (4¢) [8 TeV - e —— 18 TeV] b — 77 (0jet)
tth — tt(bb) [8 TeV] | ———— f——i 1(8 TeV] h — 77 (1]0'.)‘
¥ —— 18 TeV] h — 77 (VBF)
h— ww| D@ —_— /
h— v} = =
h— Tt _—
h—bbl —_— o
ho W SE (8 TeV] tth — 20 (same sign)

h—yy

h— 77
Vh— V(bb) |
tth — tt(bb) | CDF

Y p—y e ——— VT

18 Tev] tth — 4¢
(8 ToV] tth — tt(bb)

e [8 TeV] tth — tt(37)

8 TeV] tth — tt(r7)

ft
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The Higgs sector of the
Minimal Supersymmetric Standard Model (MSSM)

[Bechtle, Heinemeyer, Stal, TS, Weiglein, Zeune, 1211.1955 (EPJC)]
[Bechtle, Haber, Heinemeyer, Stal, TS, Weiglein, Zeune, 1608.00638 (EPJC)]
[Profumo, TS, 1608.06945 (PRD)]

[Haber, Heinemeyer, TS, 1708.04416 (EPJC)]
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The MSSM Higgs sector

@ 2 complex Higgs doublets H,, Hy = 5 physical Higgs bosons (h, H, A, H¥)
@ At tree-level, the Higgs sector has two parameters: My, tan 5 = v, /vy

= Other Higgs boson masses are predictions:

1
Mp = > [Mf\ + M2 ¥ \/(Mf‘ + M2)2 — 4M3% M2 cos? 26] = M} < Mz !
M?. = M5 + Mg,

@ Light Higgs mass M}, receives large radiative corrections.

Dominant one-loop corrections from top/stop sector:

3gimt M2 X2 X?
oM2 = 2820 Hjog Zs L S (g St )|
" gy, B T M2 1202

(MA>>MZ,tan ))>>1) (Xt:Atf//COt 3, Ms = /mglmgz)
= Weak scale supersymmetry predicts a light Higgs boson, M, < 135 GeV |
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When do we obtain a Higgs with SM-like couplings?

Define the Higgs basis fields Hy, Ha, so that (H?) = v/+/2 and (H9) = 0. Then
the scalar doublet H; has SM tree-level couplings to all SM particles.

Alignment limit: If one of the CP-even Higgs mass eigenstates (h, H) is
approximately aligned with Re(H?), it has SM Higgs-like couplings.

[Gunion, Haber '02]
CP-even neutral Higgs squared-mass matrix (in Higgs basis):

M2 = 4V Zv? , My : CP-odd neutral Higgs (A) mass
Zsv? M2+ Zsv? Z; : function of MSSM parameters

© Alignment through decoupling (ma > Ziv? (i = 1,5,6)):
sin(8 — a) — 1, light Higgs h with mass m? ~ Z;v? is SM-like.

@ Alignment without decoupling (Zg — 0):
Either light or heavy CP-even Higgs can be SM-like.
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http://arxiv.org/abs/hep-ph/0207010

Alignment without decoupling in the MSSM

For Zsv? the leading terms (up to one-loop) are: (Mz, M < Ms)
3v3siyf M2 Xe(Xe +Ye) X2V,
7 2 ~ M2 _ Brt I Vs t\/\t t) e Tt
o { T e m) T oMz 12M%

with X; = A; — u/tan 8, Yy = Ay + ptan S.
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http://arxiv.org/abs/1410.4969

Alignment without decoupling in the MSSM

For Zsv? the leading terms (up to one-loop) are: (Mz, M < Ms)
3v3siyf M2 Xe(Xe +Ye) X2V,

Zov2 a — M2crs — — B2t og [ 25 AL ILE VAN S
oV g { 790" qor2 |8\ m2 ) T T oMz 1M

with X; = A; — u/tan 8, Yy = Ay + ptan S.
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http://arxiv.org/abs/1410.4969

Alignment without decoupling in the MSSM

For Zsv? the leading terms (up to one-loop) are: (Mz, Ma < Ms)
3v2s3y; M2 Xe(Xe +Ye) X3,

Zev: ~ —sp5{ M2cys — —2% |log | — SV R
oV T { 295~ Tgmz |8\ m2 ) T T oz 1203

with X; = Ay — pu/tan 3, Yy = Ay + ptan .
Obtain an approximate 1-loop alignment condition relating tan 3, i, A; and Ms:

322 M3 + (2, A2, M2)

3viyl  wA (A )
M2\ 6m2

tan 3 ~ with | (1%, A2, M2)| < M2

Needs accidental cancellation of tree-level and loop-level effects.
[Carena, Haber, Low, Shah, Wagner '14]
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Alignment without decoupling in the MSSM

For Zsv? the leading terms (up to one-loop) are: (Mz, Ma < Ms)
3v2s3y; M2 Xe(Xe +Ye) X3,

Zev: ~ —sp5{ M2cys — —2% |log | — SV R
oV T { 295~ Tgmz |8\ m2 ) T T oz 1203

with X; = Ay — pu/tan 3, Yy = Ay + ptan .
Obtain an approximate 1-loop alignment condition relating tan 3, i, A; and Ms:

322 M3 + (2, A2, M2)

3viyl  wA (A )
M2\ 6m2

tan 3 ~ with | (1%, A2, M2)| < M2

Needs accidental cancellation of tree-level and loop-level effects.
[Carena, Haber, Low, Shah, Wagner '14]

Leading two-loop O(ash?) corrections can be sizable. [Heinemeyer, Haber, TS '17]
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Global fit of the pMSSM parameter space

[Bechtle, Haber, Heinemeyer, Stal, TS, Weiglein, Zeune, 1608.00638 (EPJC)]
@ Combine HiggsSignals x? (LHC Run-1) with other constraints
(b—sv, Bs = pp, By — v, (g — 2),,, Mw; Higgs & SUSY limits)

@ 3 free parameters most relevant for Higgs sector
My = My/2, Ac)

(MA, tan ,3, I, M§3, M&, M;

l1,27

69 W Light Higgs h is SM-like, M), ~ 125 GeV

W All points
| HiggsBounds allowed
B Ax® <230
Ax? < 5.99
* Best fit point

only Higgs data  all observables
SM: x?/ndf =70.2/86  83.7/91
MSSM-h:  x?/ndf = 67.9/79  68.5/84

tan B

200 400 600 800 1000
M, (GeV)
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Global fit of the pMSSM parameter space

tan B

[Bechtle, Haber, Heinemeyer, Stal, TS, Weiglein, Zeune, 1608.00638 (EPJC)]

@ Combine HiggsSignals x? (LHC Run-1) with other constraints
(b—sv, Bs = pp, By — v, (g — 2),,, Mw; Higgs & SUSY limits)

@ 3 free parameters most relevant for Higgs sector

My = My/2, Ay)

(MA, tan j3, I, Mq3, M&, MZ

1,2'

60

50
40
30
20

10

200 400 600 800
M, (GeV)
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Global fit of the pMSSM parameter space

[Bechtle, Haber, Heinemeyer, Stal, TS, Weiglein, Zeune, 1608.00638 (EPJC)]

@ Combine HiggsSignals x? (LHC Run-1) with other constraints
(b—sv, Bs = pp, By — v, (g — 2),,, Mw; Higgs & SUSY limits)
@ 3 free parameters most relevant for Higgs sector
(Ma, tan B, u, May, Mz, My, ,, My = Ma/2, Ac)

l1,27

60 v 1

0,

8|

50 6
40 ot ” . 4
. 2

0

tan B

30

20

10

pe e o Y R O b m g sy S i T E 1 I 1 I
400 60 800 1000 10 200 400 600 800 1000
M, (GeV) M, (GeV)
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Global fit of the pMSSM parameter space

[Bechtle, Haber, Heinemeyer, Stal, TS, Weiglein, Zeune, 1608.00638 (EPJC)]

@ Combine HiggsSignals x? (LHC Run-1) with other constraints
(b—sv, Bs = pp, By — v, (g — 2),,, Mw; Higgs & SUSY limits)
@ 3 free parameters most relevant for Higgs sector
(Ma, tan 8, i, Mgy, Mz, My, ,, My = My/2, Ac)

l1.2!

20 r

18 #31  Heavy Higgs H is SM-like, My ~ 125 GeV
16 B 4 |

14 “ ' only Higgs data  all observables

SM: x?/ndf =70.2/86 83.7/91
MSSM-h:  x?/ndf = 67.9/79  68.5/84
MSSM-H: x?/ndf = 70.0/80  73.7/85

tanf

140 160 180 200
M, (GeV)
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Global fit of the pMSSM parameter space

[Bechtle, Haber, Heinemeyer, Stél, TS, Weiglein, Zeune, 1608.00638 (EPJC)]

@ Combine HiggsSignals x? (LHC Run-1) with other constraints

MSSM heavy Higgs interpretation is highly constrained:
@ A — 7777 searches sensitive at larger tan 3 values;
@ LHC searches for t — H*b, with HT — Tu:

» charged Higgs mass must be M+ ~ m; or above, and/or /
» competing decay Ht — W™ h sizable (yet unexplored!);

@ Potentially large b — sy contribution due to light charged Higgs;

@ Higgs decay H — hh generally large if M, < My /2 (exception exist);

@ Vacuum stability?! We need p ~ (6 — 8)Ms!

100 120 140 160 180 200
M, (GeV)
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Heavy Higgs interpretation in the 2HDM

[Arbey, Mahmoudi, Stal, TS, 1706.07414]
@ consider CP-conserving 2HDM with softly-broken Z; symmetry (Type 1-4),
@ assume My =125.09 GeV, sin(f — a) =0, Ma = My+,

@ scan over four parameters: My+, My, tan 3 and m3,.

THDM Type | - Higgs searches

THDM Type |

BR(H'->W*h)

[ allowed

400 600 800 1000
M, (GeV)

400 500
M, (GeV)
BR(H* — Wh) can be very sizable and is experimentally unconstrained!
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Outlook: some of my current projects

@ Definition of new MSSM benchmark scenarios for Higgs searches
[w/ E. Fuchs, S. Heinemeyer, S. Liebler, S. Patel, P. Slavich, C. Wagner, G. Weiglein]
(contribution to LHC Higgs XS WG)
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Outlook: some of my current projects

@ Definition of new MSSM benchmark scenarios for Higgs searches
[w/ E. Fuchs, S. Heinemeyer, S. Liebler, S. Patel, P. Slavich, C. Wagner, G. Weiglein]
(contribution to LHC Higgs XS WG)

@ Implementation of Simplified Template Cross Sections in
HiggsSignals; application to models with non-trivial modifications

of the Higgs-pt in pp — h + jet.
[w/ HiggsBounds team + E. Bagnaschi]
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Outlook: some of my current projects

@ Definition of new MSSM benchmark scenarios for Higgs searches
[w/ E. Fuchs, S. Heinemeyer, S. Liebler, S. Patel, P. Slavich, C. Wagner, G. Weiglein]
(contribution to LHC Higgs XS WG)

@ Implementation of Simplified Template Cross Sections in
HiggsSignals; application to models with non-trivial modifications
of the Higgs-pt in pp — h + jet.

[w/ HiggsBounds team + E. Bagnaschi]

@ LHC discovery potential for charged Higgs signature H= — W=h,
with a new scalar h with mj, < 100 GeV and decaying to bb, 777~

or v.
[w/ M. Hence (SCIPP ATLAS group)]
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Thanks for your attention!
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Backup slides
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MSSM Heavy Higgs interpretation: more plots
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