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Question 1: Dark Matter interactions

Evidence for Dark Matter

NGC 3108

overwhelming:

e Spiral Galaxy rotation curves

e Gravitational lensing

e Acoustic peaks

* Direct detection mglﬁf l.l.
Measurje nuclt.:ar recoil from X PR SM
scacrering against nucle
» Indirect detection Several Ways 1-0 IOOk FOT‘
Dark Matrer annihilation in direct
sun,G:iIa::tic Cmter,t detection I Ddrk MG'H'QI"
satellites, etc. .
shake it .
+ Collider scarches break |-|- Wh|Ch WCly more
Dark Matter producticn at x T SM SenSi'I'ive depends mOSfly
the LHC indirect .
detection on nature of mediator

~-—~8» Search for particle to mediate interaction between DM and SM
H-> invisible or production of invisible X
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Higgs as mediator - H -> invisible
[Eboli, Zeppenfeld ‘00]

Assume Higgs-portal extension of SM: [Bernaciak, Plehn,
Schichtel, Tattersall ‘14]

1 5, ., 1 1 : _ ,
ALs = —;m,g % — I)\SS“ - I/\hSSHTHS'z [Biekoetter et al ‘17]
Djouadi, Lebedey, | .
[ jouadl, -ededen, Vector and fermionic portal
Mambrini, Quevillion ‘11] r
can work as well...
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Higgs as mediator - H -> invisible

[Eboli, Zeppenfeld ‘00]

e Trigger and selection cuts rely on 2 tagging [Bernaciak, Plehn,

Jets and large MET: Schichtel, Tattersall ‘14]
[Biekoetter et al ‘17]
pr,; > 20 (10) GeV Inj| < 4.5
]éT > 100 GeV A¢35T,j > 0.4

Construct observables for BDT

{pT,j17 Ni1s PT.j29 Mjas A¢j1,j27 ]éT} (2'jet)

{pT,jz’n Njs s A¢j1;j3} (3'jet) "4
pr,; > 20 GeV pr,; > 10 GeV
2-jets 3-jets 4-jets 2-jets 3-jets 4-jets
S/B after Eq.(1) 1/240 1/360 1/475 1/213 1/303 1/429
€s 0.01 0.01 0.01 0.01 0.01 0.01
€ 1.7 x 107 1.3x107° 2.7 x 107° 7.5 x 1077 3.2 x 1076 2.4 x107°
S/B 1/2.6 1/21 1/42 1/1.2 1/5 1/38

Expected sensitivity for HL-LHC run: BR(H->inv) ~ 2.1%
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If mediator not Higgs, several possibilities ...

1

Escalar D 5777'§/[EDS2 — gDMS XX — Z gg’MS qq9 — MDMXX
q
1 . _ . _ _
/:’pseudo—scalar D — §m§/IEDP2 — ZgDMPX’Y5X — Z ZQ%MPQV% — MDMXX >
q
1 B _ _
‘Cvector D §m§/IEDZ/ILZ/'LL — gDMZ//LX'V'LLX - ZggvMZLQVMQ — MDMXX >

q

1 i _ .
Laxial O 5mumnZy 2™ = gomZ X" X - > 9EuZiav Y q — mpuxx
q

Mediators can be probed in different ways:

With Collider

Axial (SD)

With Direct Detection

Axial(SD) Vector(SI)

Vector(Sl)

s @

. -
. _ N P

Spin independent

Extremely good

Spin dependent
Not so great

Large cross section

Same as vector

Scalar(Sl)

So0-s0
Spin independent

HXWG HJJ Meeting

Pseudoscalar

©
s

Forget about it*

Durham

Scalar(Sl)

Low-ish cross section

Michael Spannowsky

Pseudoscalar

Better than scalar
Small cross section
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MET+2jet more sensitive than MET+1}

® Most prominent search strategy for scalar mediators is
to recoil against hard jet (mono-jet search)

® For CP-odd mediator Line = igpMAXYX + igsm Y %A 77’q
q

Ajj multi-jet search can be more sensitive than
the mono-jet search due to kinematic features,
exploitable using MT?2

[Buchmueller, Malik,
McCabe, Penning 15]
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o
Measuring the mediator mass at the LHC X
[Khoze, Ro, MS ‘15] _"< N

e See also [Andersen, Rauch, MS ‘13] for e+e- collider ¢
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Question 2: Electroweak Baryogenesis

Baryon-to-photon ratio Yz = % = (8.59+0.11) x 107" [Planck Datq]

asymmetry parameter 1B ~1B _ 15-9
0!

Pre-inflation asymmetry would have been washed out

Sakharov conditions: (for dynamical generation of Baryon asymmetry)

* B violation / Sphaleron

e CP violation 5 not enough

e Departure from thermal equilibrium % not enough
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Electroweak Baryogenesis

[Kuzmin, Rubakov, Shaposhnikov ‘85]

1. Nucleation and expansion of [Cohen, Kaplan, Nelson ‘91]

bubbles of broken phase

v . y 2. CPviolation at phase interface
- ¢ responsible for mechanism of
charge separation

4. To stop equilibration
sphaleron transitions

shut down =% chiral flux in front of wall

XL
3. In symmetric phase, very
B active sphalerons convert
chiral asymmetry into
<0> =0 <o>=0 baryon asymmetry

Bubble Wall =—>

[Morrissey, Ramsey-Musolf ‘12]
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How to modify the Higgs potential to get SEWPT?

Vest (h, T') = Vo (h) + V,°°P(h) + Vi (h, T)

tree-level loop thermal
potential corrections  corrections

[Morrissey, Ramsey-Musolf '12]
thermal: add new bosons to the plasma to generate a thermal barrier

loop: add new particles whose loops reduce vac. energy difference,
so that W/Z loops create a barrier

tree-level: new scalars to modify tree-level potential  (Higgs portal)

non-ren operators, e.g. H® (SM with low cut-off)
[Grojean, Servant, Wells ‘05]

Search for new resonances or modified Higgs self-interaction
| Search for new sources of CP violation
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Higgs selfcoupling and Higgs gauge coupling

[Frederix, Frixione, Hirschi, Maltoni, Mattelaer, Torielli, Vryonidou, Zaro ‘14]

| I | T I -
HH production at 14 TeV LHC at (N)LO in QCD |
------- Mp=125 GeV, MSTW2008 (N)LO pdf (68%c¢l) |
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Higgs selfcoupling in HHjj+X

[Contino et al. THEP 1005]

4 > - o L0 [Baglio et al. THEP 1304]
<) - H a7 .
s o7 g B S [Dolan, Englert, Greiner, MS]
. : 3 t ’
/ <\: T~ H \ 9',\"-\ T
q > < ’ 9_&% t ]
— 1 IR

¢ Want to study VVHH
Directly related to long. gauge boson scattering V.V — hh

e In SM fixed: 9wwnrn =e¢/(2s2) gzznn = €°/(2c2 52)

e However in BSM models, e.g. composite (strongly coupled light)
Higgs models, can be strongly modified

¢ Higher-dim operators momentum dependent -> enhanced in high-pT region

e Separation of WBF and gluon fusion channel non-trivial
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Higgs selfcoupling in HHjj+X

izj S = e For kinematic distributions full loop
= |7 I recommended in gluon fusion
= ]
g oor = e Analysis in bbrT 7T~
-8 ]
= et thoen — — ] e For 4b analysis, see [Bishara, Contino, Rojo '16]
0.001 ' ' ' ' '
0 100 2r(i?axp220[Ge\;l]00 500 600 ° Very bad S/B, bu_l_ expec_l_ed 1,0

So far very rudimentary analysis: improve easily...

Signal with £ x A Background S/B
£=0 £E=1 £E=2 ttjj Other BG |ratio to £ =1
tau selection cuts 0.212 0.091 0.100 3101.0 57.06 0.026 x 1072
Higgs rec. from taus 0.212 0.091 0.100 683.5 31.92 0.115 x 1072
Higgs rec. from b jets 0.041 0.016 0.017 7.444 0.303 1.82 x 1073
2 tag jets 0.024 0.010 0.012 0.284 0.236 1.65 x 10~ °
/ Signal with ¢ X {gwwan, gzznn} Buckzraund
WBF Only ¢=0 =1 =2 tijj Other BG
tau selection cuts 1.353 0.091 (.841 31010 07.06
Higes rec. from tans 1.352 0.091 0.840 683.6 31.92
GF+WBF Higgs rcc.’frorn b jets 0.321 0.016 0.207 T.444 0,303
2 tag jets/re-weighting 0. 184 0.010 (.126 0.284 0.236
\ircl. GF after cuts/re-weighting : 28
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[Dolan, Englert, Greiner, Nordstrom, MS ‘15]
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HXWG HJJ Meeting Durham 15 Michael Spannowsky 12.01.2018



Measuring CP-odd interactions of the Higgs boson

bosons [see talk by A. Loesle]

2 2
g_2 2117+ Py — 97 2 Uv .
9 wh W, W Czzh ZWZ fermions

mys = ) )
\Cf\Tff(COS ¢f + iyssin @) fhphys

e For light Higgs with 125 GeV CP can be measured using angular
correlations of tagging jets in Gluon Fusion with 2 additional jets
[Plehn, Rainwater, Zeppenfeld PRL 88 (2002)]

L= —""HG,G " + ——AG? G

12wv 16%@

For tagging jets with [pZ| > |pZ, Gluon-Fusion

Meven ™ J{LJS [QW(CH . C]2) — (111/612”]
™~ [J?JQ ‘]1J2} pT pT ~ Q0 for A¢jj — 7'('/2

M 44 contains Levi-Civita tensor which is O if two of

momenta linearly dependent, i.e. if A¢;; =0o0r A¢p;; =
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Tagging jets approach:

0.1 T I | |
CP even H ——
— CP odd A =eeeeeees
R 0.08 b
1O
S
{ 0.06 F
].e',?
I o004l o
~ H
@)
© [
§ 0.02+ i
O ] ]
3 9 1 0 1 9
Jet 2 7‘
Jet 1

pT plane T_)

HXWG HJJ Meeting Durham

azimuthal angle between all jets
with larger or smaller rapidity
wrt Higgs

b= ), 1
je{jets: y;<yn}
=,

je{jets: y;i>yn}

ADj; = ¢(p>) — ¢(p<)

Jet 1

pT plane L, Jet 2
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(100" GeV)

Il

o 'do/dm.

Higgs has CP-odd as well as CP-even interactions
[Dolan, Harris, Jankowiak, MS 15]

Assume, only CP-violating interactions in fermion sector
(e.g. CP no good quantum number in Higgs sector)

_ S [E. Accomando et al '06]
thf =cosayrprprh+simayrriysrh

generates
Qg . ags ~
Lpgq = COSQ hG,, G"*" +sina —hG}, ,GYM
127v 471v
‘IQ |
2 = —— m_and A¢ Loose
:!(95 (WBF) %= Bkgs s 10
iggs 2 S E .
” — ggH#2j (@ =00) | T Higgs(WBF) MVA @ ; — My andA¢ Tight
1 —— ggH+2j (@ =0.6) | B . IS ,
_ 2 — ggH+2j (o = 0.0) N 2 — MVA and A¢ Tight
—— ggH+2j (0 = 1.2) 5 1t w* L 1 02 -
o —— ggH+2j (o = 0.6) ; 0 .
N L
1ok —— ggH+2j (0 = 1.2) 7
10f
'2AIw‘w)w»wlwwaw‘w1wiw\www\wr\lwlw\‘A‘i‘ L i
10500 1000 1500 2000 2500 3000 10

m;(GeV) sin(ia ¢ 122 b2 04 06 08 1 12 14 16

a > 0.3 can be excluded with 500 fb™!
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Hypothesis testing with Event shapes
[Englert, MS, Takeuchi ‘12]

e Event shapes well studied experimentally and theoreftically

[Bethke, Nucl.Phys.Proc.Suppl. 121 (2003)] [Kluth. et al, EPJTC 21 (2011)]
[Banfi et al., JTHEP 0408] [Gehrmann-De Ridder et al., JHEP 0712]

e Event shape measurements established in experimental

e.g. N
transverse thrust 7', , = max 2.i|PLi D]
nr Zz |p¢,7;
transverse thrust D IpLixnp
minor nm,g ZZ |P¢ p

pT plane T_)
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Obvious correlation between thrust and A®;;

[a—y

transséerse thrust
o

0.8

0.7

0'6 1 1 1 1 | 1 1 1 1 | 1 1 1 1 |

(a) CP even Higgs
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(b) CP odd Higgs
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do /AT, [fb/0.02]

Distributions CP-odd vs CP-even

1 T T T T 1 | | | |
CP even H CP odd H
IRZ)— Zjj o
0.75 | ti+jets 1 m 075t ti+jets — -
| S T L] |
I ~ ] B R
0.5 | i = | B
D+ ] - . 0.5 ¢ 1 - .
4i—JJ L 5 _7i_ JQ 4447_
1 [ - 3 ] -
0.25 | — 4 =2 025 ¢f - S
0 : :L: 0 L ffz Elf
0.5 0.6 0.7 0.8 0.9 1 0.5 0.6 0.7 0.8 0.9 1
directly global thrust 7', , directly global thrust T’ ,
1.2 | | | | | | | 1.2 | | | | | | |
CP even H CP odd H 1
1L Zjj | 1L  Zjj e ]
B ti+jets ) - ti+jets _
0.8 .S 08¢ |
~—
| £ |
0.6 F ] = 06t ]
- - =y - -
| L H [
0.4 | I 2 o4l =
~
<
0.2 + | 0.2 |
0 L 1 0 L 1
-3 3 -3 3
AD,; Adj;
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Sensitivity for discrimination between CP-even and CP-odd
(normalized signal rates)

10_1 : | | | | | | |

[IDENTICAL SIGNAL NORMALIZATIONS |

102

confidence level

luminosity £ [1/fb]

AP, —— total central broadening ===
thrust minor =-=------ central wide broadening -«
thrust «eeeeereees
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Question 3: Composite Higgs models

QCD Composite Higgs
o —= -1 Higgs is lightest
— TeV — state (PGB) of
» new strong
130 MeV —— 77 125 GeV —— 1 resonances
SU(2)L x SU(2)r SO(5) [Giudice, Grojean,
SU(2)v SO(4) Pomarol, Rattazzi '07]

In minimal realisation Higgs couplings follow well-defined

(global) pattern: MCHM4  MCHMS
_ v? pN
gww _ |, v gnrr _ 1 1+n)p n:()’lé...

grww 2
G w f* Ghir  J1-%

S [_Indirec’r limit via Higgs coupling measurements J

PO —— PEP ST i i
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Separation of GF vs WBF important to improve coupling measurement

o(H) x BR(YY) Z g, gHYY need. Sgpara’re produchon modes to
> modes 95 optimise coupling measurements

Possible to construct discriminating observable based on matrix element information:

- . IMWBE (pp — (h — v7)5™))?
Y Y Wi — —1 X
Qn(pi:P2,1P7}) 08 [ IMCF (pp — (h — v7)j™)|?
{[IMWBE (pp — (h — 77)i™)|? + [MEF (pp — (h — 7)i™)|? }
M2V (pp — yy5™) |2

Qb (p],p3,{pl}) = —log [

005 T T T T T 01 T T
WBF, matched WBF, matched --------
0.04 | GF, matched --------- | N GF, matched
—  0.075 } vy —— .
Q = R
’% 0.03 - /s=8TeV . =
< 2 o0t
§ 0.02 + %
2
0.01 —0.025 | Vs =8 TeV
0
4 0

® Method separates GF vs WBF and reduces backgrounds
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~

We want to study more objects in final state ->

Transfer function limits us. Do we always need it?
Transfer functions only important if matrix element varies quickly:

, Yt

Example

[Andersen, Englert,
MS ‘13]

9

g

in  H — vy

Higgs reconstructed, but no transfer function for jets:

0.15 . 0.4
|45 Qpp— /5 =14 TeV

0125 B WBF 1. ........... ;--i:i ~ ~ l"
—_ ’ I‘GZDF ...................... :': 0.3 Q3 < cut Q3 i .
:? 1 i iug :"
s 0.1 F GF, resol. ----- L =
S I: L i gbﬁ 0ol S e
< MR S =~ S 0s < cut Qs
% i _. i i Ub:
s 0.05 | FdL
= froil o1f —

0.025 | . L, oy ol

oA !.'.! i L=
U R
0 et it e T 0 |
8 -6 4 -2 0 2 4 4 -3 2 1 0 1 2 3 4 5
QQ cut Qn
WBF 1\ |2
O, = —log MY (pp — (b — yy)5")
n — GF ; 2
IMEF(pp — (h — 77)3™)
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We want to study more objects in final state ->

Transfer function limits us. Do we always need it?
Transfer functions only important if matrix element varies quickly:

Example

Higgs reconstructed, but no transfer function for jets:

0.1

W]I_%F, matched -
GF, matched e

0.075 | vy — |

1/0do/dQ} [a.u]

0.025

I5 10
{MWER(pp = (A = y7)5™)I* + M (pp = (R = 7)5™) %}
M2 (pp = yyi™)|?
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Quark and Gluon tagging to purify Hjj signal
[Ferreira de Lima,
Petrov, Soper, MS ‘17]

r \ ' ' Togoclusters — nix) e, =00 0200 3
[\ fn's ‘ em=n133% 7
Quark-gluon tagging becomes viable tool, I\
: : %O\ e I N
particularly well suited for VBF topology NN ]

example PP = JiH — 227 — 4i) S

N(WBF) = ¢(WBF) - o(WBF) - Br(H — 41) - £ . e e A

N(GF) = ¢(GF) - o(GF) -Br(H — 4l) - L
< Niot = AgiiggAginyN(GF) + Agyyy N(WBF) osf . e
Agl = g’i,mod/gi,SM ﬁ? "t — WBF)=1/2. €GF)=1/5

running on different QG-’ragging |
working points breaks degeneracy

HXWG HJJ Meeting Durham 27 Micnael Spannowsky | 1£.UL.cULd



0.045

0.040}
0.035}f
0.030}
0.025f
0.020}
0.015}
0.010}
0.005f

0.000 ===l =

GF and WBF for H->bb

e considered to be impossible [Mangano et al. ‘03]

® Use Event Deconstruction to improve [Englert, Mattelaer, MS ‘15]

Shower
Deconstruction

Matrix Element
Method

0.09

0.08}

0.07}f

0.06

/" Extrapolated to 600 ifb

0.82 <y /M <114/

0.02}

0.01-

0.00

Y MEM+ SD
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Indirect limit on total width of the Higgs boson

indirect width measurement a la

Measure coupling off-shell -> limit denominator on-shell

off —peak
Ogg—)H—)ZZ

2 2
O_on—peak gggHgHZZ
—~H—Z7Z "
99 FH

[Caola, Melnikov 2013]

2 2
~Y99gHIHZ Z

less freedom to break relation (-> less model dependence) in WBF

Same tree-level coupling in production and decay

T parameter links WWH and ZZH

Lap = Fyp tr HH - Z.‘ -tr [(n}f-H:'1 [T)"H)]

v’F
assumed AW W, :  igMwy,. 2111)
My v:Frp
hZz,Z, - o )
‘ " cos? Gy Ik
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0.25 - - N—
1 15 2 25 3 35 4 45 b
I /TEM
[Englert, MS ‘14]  [Ellis, Campbell ‘15]
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Question 3: Models with new resonances

New resonances can affect gauge-boson scattering

Leads to unitarity sum rules

WTW scattering 1=1: SMWZzH

i >1: isotriplet W' Z’

IWWWW = Gy + Z Jwvwz,
i
isosinglet H’
Amiy gwwww = Z 3m?9%vwzi + Z Q%VWHi )
i )

e.g. [Bellazini, Csaki,

WW — ZZ  scattering Hubisz, Serra, Terning '12]

_ 2
GWWzzZ = E 9w, wz

1

2(m2 2 _ 2 (mZ—my)*\
(miy +my)gwwzz = » | 3m7 — 5 Fovowz + > IwWwH 9228,

i "
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Searches for new resonances in WZ and WW final states

0.07 . .

mW/': 700 GG\I/ - _ 0.09 T T T T T I _I),Y,Y T
0.06 | mygr = 700 GeV -=--- ] é. H — Z7*
my = 1000 GeV —— g
. 0.05 L my = 1500 GeV . -@ 0.085 k .
B 004 [T e .
= e z
S 0.03 prmmmmm om0 g 008 r ]
~~~~~~~~ E
0.02 prommmmmmm s T TN g
001 z 0075 2 TeV resonance 7
in WW channel
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Simplified models: Pheno of extended Higgs sectors
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Simplified Models

Choose custodial symmetry as guiding principle for extensions (Practicality):

My

P M2 cos? by
symmetry exits, broken by the vev to the diagonal ‘custodial’

symmetry group SU(2); X SU(2)p — SU(2)1—r
Thus the Higgs field transforms SU(2); x SU(2)z: @& — L®R'

— 1 indicates that an approximate global

A. Singlet extension (Higgs portals): hew sca'g: 195 Ge
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B. Higgs doublet extension: obsef"e'de H\'\lggs
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C. Higgs friplet extension: gouge\’“"b\C
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Singlet extension:
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HjJ In singlet extension

WBF cross section for
H1 and H2 globally
rescaled by mixing angle

Ajj in doublet extension

In type-II 2HDM Abb strongly
enhanced for large tanb
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Triplet extension [CMS-PAS-SMP-13-015]

. . CMS (preliminary) 19.4 fb™' (8 Tev)
Use H++ in GM Model in WBF e [T T |
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Georgi-Machacek doubly charged Higgs can be entirely excluded at LHC
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Summary

e XJJ, in particular GF or WBF, one of most
Important event topology at LHC

¢ Allows to relate to most fundamental questions in
nature in plethora of ways

e Process ideally suited for upcoming higher
energies and higher luminosities of LHC
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