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Outline

- Beyond Standard Model (BSM) Higgs

. Direct searches

- Indirect limits

- Vector boson scattering (VBS)
- SM electroweak di-boson production

- Anomalous quartic gauge couplings (aQGC)
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How to find BSM Higgs

- Direct searches for additional Higgs particles

- production mechanism is similar to SM Higgs
- gluon-fusion, VBF

- b-associated production can be enhanced
- Indirect limits from the 125 GeV Higgs
- couplings, rare decays

- Both involve low rates and accurate
measurements

- not necessarily higher energies = excellent case for
HL-LHC
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2HDM in a nutshell

- Class of models predicting a second Higgs doublet (SUSY,
Axion, Baryogenesis)

. Five physical particles: h,H,A H”

- Higgs sector described by 7 parameters:

© Mp, My, Ma, Mus, tanpP, «, m122
- 4 options for fermion couplings

- Type I: ¢ couples to vector bosons, ¢, couples to fermions
(“Fermiophobic”)

- Type Il: ¢, couples up-type fermions, ¢, couples to down-type
fermions ("MSSM”)

Ype I1l: quarks as in Type | and charged leptons as in Type |l
epton-specific”)

}/Ipe I\éI quarks as in Type Il and charged leptons as in Type |
Ippe

- Benchmarks identify the light CP-even h with the 125 GeV Higgs boson
- SM-like = focus on cos(B-x)—0 (SM limit)
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A—Zh—1lbb

- The Zh decay mode is in general the dominant for

mA<2 mtop

- Better sensitivity at low tanf

complementary to h coupling measurements and other
searches

- 4 times better sensitivity with 300 fb! wrt 300 fb-'

(

99— A) x BR(A— Zh —s llob) [fb]

0]

ATL-PHYS-PUB-2013-016 CMS PAS FTR-13-024

CMS Sxnulation 2013 Vs =14 TeV  L=3000 fb‘1

100F— N T

102 1 1 I 1 I I 1 I I I 1 I 1 1 I 1 1 I 1 I I

Expected CLs

10 1o -
20 E
- - Expected, J- Ldt=3001b" 10+
1 s ale
3 =t Type |
. . S A-Zh
----------- |MA = 300 GeV Couplings with 3000 fb-!

I IlIIIII| I lIIIIII| 11 II|| T T TTTTI

10 - arXiv:1308.0052
ATLAS Prellmlnary Simulation =
4 —95% CL exclusi
j L dt = 3000 fb \s=14 TeV 1 Sor Sigmg’é;‘;cém
1 0-2 | ! 1 I 1 | I ! | 1 | I 1 | | 1 I | 1 1 ! ‘Ano“'ed (couphrlgs)

300 400 500 600 700 800 900 T T 0 0 0T os
m, [GeV]

cos(f—a)




Imperial College

H—oZZ—-4l
- The 4| final state has small cross section but is clean
and well reconstructed
- A heavy SM-like Higgs boson decaying to 4| occurs in
several extensions of the scalar sector (2HDM,EWK
singlet)
. Limits improve by a factor ~3 with 3000 fb"
- Similar sensitivity for ATLAS and CMS (~0.01-0.1 fb)
| ATL-PHYS-PUB-2013-016 LS E R B ERA 3024 L=3000 fo~"
2 T ATLAS Preliminary, Simulation |2 OO T T L
— - - --- O ¥BR(H-4)) = 50l
$ :'~JT.L.d_t__=__§QQO fb-1, \s=14 TeV —— Expected CLs
% 105_gluon-fusion\\" N 3
L - e, E;ectedILdt=300fb'1: 10- |
3 L _ S '
N CourBings ith 3000 fb- K\
................................. arXiv31308.0052 ]
10_1§ ............
Hozz o
10500 300 400 500 600 700 800 900 1000 _ M =300 5eV W = i
-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15

M [GeV] cos(f—a)
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ATLAS Preliminary, Simulation  zj,’ ...

-1
J- L dt = 3000 fb Iti

\s=14TeV 700 GeV
7 0-uu

b-veto

70 100 200 300 400 1000
m,, [GeV]

b-veto: target gluon-fusion

- MSSM-inspired scenario with
mass degenerate A/H Higgs
bosons

- Clean final state, with excellent
mass resolution

- Better sensitivity at high tanf

: nlflcapt improvement with
?b 00 fb™' with respect to 300

107
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tan B

Indirect limits: 2HDM

- functions of the parameters of the model

- Same decays as in the SM are assumed (b-associated production
included as a correction)

Coupling scale factor Type 1 Type 11 Type 111 Type IV
h(125) is the light Ky sin(8 — @) sin(8 — @) sin(3 — @) sin(B — @)
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Composite Higgs

Ky = s4(my,tan B)+tan B s, (ma,tan B)
0 : Y/ 1+tan2 B
' ATLAS

9 : \/1+tan2 B
o Comlk,, = s,(my,tanfB) tanp
7 Ex
. Sirﬁ kg = sq(ma,tanB) /1 + tan2 g,
5 — Ldt = 300 b : all unc.
4B U b Ldt = 300 fb™' : No theo.
3k — | Ldt = 3000 o™ all unc.
2RO L Ldt = 3000 fb™ : No theo.
1 e e
0 ! e L 233
2 600 800 1000 1200

m, [GeV]

Couplings

EWK singlet

£ =0’/ f?

ATLAS Simulation Preliminary
— == SM

Ldt = 300 fo™ All unc.

Ldt = 300 fb™ No theo.

Ldt = 3000 fb™" All unc.

= = = = |Ldt = 3000 fb™" No theo.

Exp. 95% CL at /s = 14 TeV
Combined h — yy,ZZ*WW*

EW singlet

h — Zy,uu,tt,bb

T T T T

f is the compositeness scale

95% CL low
limit
L=300/fb

f> 620 GeV

95% CL low
limit
L=3000/fb

f>710 GeV

f>780 GeV

f>1TeV
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- Direct search ZH (3000/fb):
BR(H—inv.) < 8% (16%) at 95% CL

for a realistic (conservative) scenario for

- Indirect constraints from the
measurement of the 125 GeV

Imperial College
London

systematics

couplings (3000/fb):

.......

BR(H—inv.) < 13% at 95% CL

ATL-PHYS-PUB-2013-017
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| | L1 1 llll

\s = 14 TeV, [Ldt = 3000 fb”

h—vy, h—»ZZ* =41, h->WW*slvlv,
h—Zy, h—tt, h—bb, h—»pup

III|
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H—invisible

= ATLAS Simulation
10° ePreliminary

ZH — e*e/u*u invisible

Events / 30 GeV

2
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| ] I
200 300 400

If H—inv. is only due to

ATL-PHYS-PUB-2013-014
\s=14 TeV, [ L dt = 3000 fb™

L L

B Z+jets
B 7z
. wz
B Top quark
Ww
------- Signal (BR(inv)=0.2)

IIIIII|,|,| IIIIII|,|,| IIIIII|,|,| IIIIII|,|,|

500 600
E™SS [GeV]
decay to a

pair of WIMPs, limits are set on the
DM-nucleon cross section

Large improvement (~factor 5) with
respect to the 8 TeV results

- Collider results are competitive with
other experiments (low DM masses)
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VBS in a nutshell

- WLW. scattering violates -

unitarity at high energies

- in the SM it is restored by the
Higgs boson

- need experimental
confirmation

- VBS is sensitive to QGC and to the electroweak symmetry

breaking

- New physics (aQCG) can alter the VBS cross section

- exchange of heavy scalar particles

- aQCGs are parameterised through higher dimension

operators in effective field theory

- Experimental sigfnature: di-boson production in association

with 2 jets with large rapidity gap and large invariant mass

13
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pp—ZZjj—4lj)

- Sensitivity extracted using the m4 mass spectrum

- Results are interpreted for the coefficient of the dim-6
operator Ogw involving Higgs and gauge boson fields
N

COW 1+ 1oy t
L¢W = FTI'(W W,uv)¢ ¢

50 50
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pp—=WZjj—Ivlljj

SM electroweak WZ production

(number of events)/k
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B Wz Qcp

[zz

B Wz Ewk
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CMS Projection: s = 14 TeV, L = 300 fb"
L e

TeV

diJet Invariant Mass, GeV/c?

Wy
\
&
\J
0 ' ' T ' T =
0 ATLAS Simulation Prefiminary [ VBS WZ (SM) 3
; 400 J L = 3000 5" 27, SMVBS WZ + 3
% fry=1.0TeV* 3
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200F- E
150 E
100F- E
- 'Z’/ /’;’/
50 //
= ;
06 0.7 0.8 09 1
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- Counting experiment for mj;> 1.2

. Evidence at 50 with 185 fb!

aQGC |z - %Tr[%v‘v“ﬂ] < TH[ W, W]

Coefficient

50 50
(L=300/fb) (L=3000/fb)

1.3 TeV-4

0.6 TeV-

RRVAS

1.00 TeV-4 | 0.55 TeV-

15



CMS

Imperial College
London

q’

w*

- The my;; variable is
used to discriminate
from the background

- Main background is
WZ (lost lepton from
/ decay)

- Sensitivity to dim-8
with only derivatives
of Higgs field

Entries

3500
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2500

2000F
1500F
1000F

500}

pp—=>W=W=jj—=vivijj

ATLAS Simulation Preliminary . VBS ssWW (SM) o

-

vz SM VBS ssWW + -
o fSO =10 TeV* _

" smsswwacp ]

L = 3000 fb'

SM WZ + mis-ID -

my, [TeV]

Lso= %%2

(D) Dy#)] X [(D*$)'D")]

Coefficient

50 50
(L=300/fb) (L=3000/fb)
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Summary

- The HL-LHC is a unique possibility to look for
new physics in the Higgs sector

- significant gain in studying

orocesses with small

cross sections and performing precision

measurements of the coup

- Phase Il upgrade is crucial
channels

ings

for most of these

- improved Trigger, extended Tracking, forward

Calorimetry

- Projections by ATLAS and CMS confirm the
presence of a promising physics program with

Line=3000 fb!

17
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ATLAS detector

Toroid magnets

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters

LAr eleciromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiafion tracker

Semiconductor fracker

19
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CMS detector

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter : 15.0 m Pixel (100x150 ym) ~16m* ~66M channels
Overalllength  :28.7m Microstrips (80x180 pm) ~200m? ~9.6M channels
Magnetic field  :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m?> ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

20
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Phase | detector upgrades

- ATLAS

- Muon detector: new small wheels
- Calorimeter: improved granularity for L1 Trigger
- Fast track trigger

- Forward system installation

- CMS

- Pixel detector: replacement

- Hadron Calorimeter: new photodetectors and
electronics

- L1-Trigger: FPGAs and pTCA backplane technology,
new architecture

. Muon detector: CSC and RPC 4th station

21
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Phase Il detector upgrade

- ATLAS

- Tracker detector: replacement (new layout)
- LAr calorimeter: new electronics
- Forward calorimeter: upgrade under study

- Muon system: replacement of forward detectors

- Muon Track Trigger

- CMS

- Tracker detector: replacement (new layout)

- Pixel detector: extended coverage

- Track Trigger

- Calorimeter: High Granularity Calorimeter (endcap),
replacement of electronics

- Muon System: new forward detector, replacement of electronics

22
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2HDM: couplings

Most general 2HDM Lagrangian

+24(D D2)(D, 1) + {

:
2

t t 1 t 1 t
V(®1, ®2) = mf, @1 +mp @, @, — (m, @[ @2 +hc) + S A1(Q[01) + S A(D;02)° + A3(D] D1)(@;D2)

A5(0] ;)% + [As(D[D D) +-A7( D D) WD D)+ h.c}

- Parameters are real (CP-conservation)

- Only soft Z, symmetry breaking (no FCNC at tree-level) = Ag=A;=0

- additional freedom to choose the form of the Z, symmetry

- sin(B-a)—1 is the SM limit

Type I Type 11 Lepton-specific Flipped

£ | cosa/ sin 3 cosa/ sin 3 cos a/ sin 3 cos ./ sin 3
¢ | cosa/sinf3 —sina/ cos 3 cos a/ sin 3 —sina/ cos

& | cosa/sinf —sina/ cos 3 —sina/ cos cosa/ sin 3
£Y | sine/sinf3 sin &/ sin sin ¢/ sin 3 sin &/ sin 3
¢4 | sina/sin cosa/ cos f3 sin ¢/ sin 3 cosa/ cos 3
£ | sina/sinf cosa/ cos 3 cos a/ cos 3 sin o/ sin 3
§% | cot 3 cot 3 cot 3 cot 3
£4 | —cotf tan 3 —cot 3 tan 3
£ | —cotp tan 3 tan 3 —cot 3

23
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o(gg—A) x BR(A—Zh)

is=14Tev G
type-1 2HDM, sin(B-0))=0.99 |

tanp = 1

™~
————————

mn=125GeV
MaA=Mp=Mmp*
Narrow width

R(A — Zh)

gluon fusion cross section
known to up to NNLO QCD
accuracy

b-associated production

102 tanB:]EJ\\‘\-\\\é type-I 2HDM, tanB=1, sin(B-0)=0.99 ? Type I negllglble
103 ""360""460”'ééd"ééd"%éd"iid[c';;\'s;;])o 1°'§oo"‘ééd‘"466'"560""eéd"”"'sqc'i\d[‘e'est])o Type” ~25% 0fg|u0n_
fusion for tanfp=3
- miz22=ma2 tanB/(1-tan?p)
o(pp— ) x BR(¢— pp)
mMr™M3X scenario is 2 tand = 60
used to derive mrmaxscenario 5% o — tanf= _’
S ! ° 10 ----tanf} = 40
conservative limits e — 173.2 GeV., . RN tanp = 20 :
on (ma,tanf) Msusy = 1000 GeV, 10 =
: =200 GeV, = E
gluon_—fusmn and b- My — 200 eV ; i
associated cross X9 — 2 Maysy (FD calculation), 1 E
section are added XS = V6 Msusy (RG calculation), S el T
) Ab:AT:At’ 10_1:_ .............. S~ —
cross sections for e = 1500 GoV, = so14Tev e -
CP-even H and CP- Mi, = 1000 GeV . ool MSSM M withp=200Gev e i
odd A are added S e w5 1050
(mass degeneracy
assumed) m, [GeV]

2HDM cross sections and BR
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—  A—-Zh-—llbb (ATLAS)

- GEN level quantity are smeared according to parameterised
response studied on full-sim (GEANT)

- <140> pile-up assumed
rec 0 0.
- Ma = Mypp-MI-Mpp+Mz +MpK IS used
- AR(bb) cut, ma-dependent
- 30% systematic on backgrounds and signal yields (uncorrelated)
- Asymptotic CLs is used

- Binned likelihood fit in bins of ma

ATL-PHYS-PUB-2013-016

> 50000 : I 1 T I T 1 I T I T 1 I T I T -
G$45000F-  |Ldt=3000f" %% A Zh m, =360 GeV -
= - | - E
— - \s =14 TeV =
~ 40000 Zbb+Jets -
£35000F- - Z+Jets =
(11 30000 77 E
25000 F- ~
20000 =
15000 =
10000 F- =
5000 2 ATLAS Preliminary, Simulation:
o= e N ™ e e ST RPN SN N SN S S S
200 300 400 500 600 700
m, [GeV] oF
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A—Zh—llbb (CMS)

- Delphes used for detector response simulation

- <140> pile-up assumed

- Tau-veto to maintain orthogonality with

A—-Zh-llTT

- |AP(I,12)], p1(2), pt(Z2)/pT(h) cuts applied to

further discriminate against background

. Binned likelihood fit in bins of ma

26
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- GEN level quantity are smeared according to
parameterised response studied on full-sim
(GEANT)

- <140> pile-up assumed
- No systematic uncertainty is considered
- Asymptotic CLs is used

d—pp (ATLAS)

27
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H—ZZ—4| (ATLAS)

- GEN level quantity are smeared according to

parameterised response studied on full-sim
(GEANT)

- <140> pile-up assumed

- Same systematic uncertainty as in Runl is

assumed

- The natural width is the same as for a SM Higgs
- The Higgs lineshape is calculated using the

complex-pole-scheme

- Interference with the background is taken into

account in the background systematics

- Asymptotic CLs is used

28
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H—oZZ—4] (CMS)

- <140> pile-up assumed

- Narrow width is

- good approximation in the parameter space allowed by coupling fit
- MSSM-like scenario: As g 7=0
- 20% systematic on the background

10°

N 10°

) [fb]

—
QL

o(pp — H) x BR(H -
o

-
o

N —

assumed

- Binned likelihood fit in bins of my

- Delphes used for detector response simulation

CMS PAS FTR-13-024

E_cms Simulation 2013 93% CL exclusion

§ s=14 TeV L=3000 fb " 55 significance

;— o [tan(p)=1, cos(p3-c)=-0.06]

——

F L1 1 I | I I | | L1 1 1 I | I I | | L1 1 1 I | I I | | L1 1 1 I | I I | |

00 300 400 500 600 700 800 900 1000
m, [GeV]
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A—Zh—llbb: 2HDM Type |

inary, Simulation ] tanB=1 ATLAS Preliminary, Simulation ] tanﬁ=1 5

% theory inaccesible region _[ L dt = 3000 fb-t \s=14 TeV % theory inaccesible region
% CL upper limit — tanB =1, | L dt=300fb" 95% CL upper limit — tanB =15, j L dt = 300fb"
2HDM Type-I 2HDM Type-I

— 900

o

o

N\

(=)

m, [GeV
A\
N
A\ Ml

2093 02 01 0 04 02 03 2005 02 04 0 0402 03 cys
cos(B-o) cos(B-ot) Best SenS|t|V|ty at ~340
ATLAS Preliminary, Simulation ] mA=220 Gev ATLAS Preliminary, Simulation ] mA=340 Gev Gev (<~ 2mt0p)
| Ldt=3000fb", \s=14 TeV theory forbidden region | Ldt=3000fb", \s=14 TeV theory forbidden region
95% CL upper limit — m, =220, JLdt = 300fb” 95% CL upper limit — m, =340, JLdt = 300fb”
2HDM Type-I 2HDM Type-I
o 16 o 16
© ©
g, = 14 : :
" " Theoretical bounds include:
10 10 * Higgs potential stability
8 _ d ~ * tree-level unitarity of
° E ° | Higgs scattering
: : : |« perturbativity of the
03 02 oA oot o2 G 03 02 01 1 02 O quartiC
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A—Zh—llbb: 2HDM Type |

inary, Simulation ] tanB=1 ATLAS Preliminary, Simulation e tanﬁ=3
% theory inac I L dt = 3000 fb-t \s=14 TeV % theory inaccesible region
L dt = 300fb™

naccesible region
— tanp=1, I L dt = 300fb" 5 ¢ discovery potential — tanp=3, I

S ¢ discovery potential
2HDM Type-I

.

2HDM Type-I

ooy,

.

.

300
2003 0z i 0 oq o2 1/'/62.3 i e e cye s
cos(B-o) cos(B-ot) Best SenS|t|V|ty at ~340
ATLAS Preliminary, Simulation ] mA=340 Gev ATLAS Preliminary, Simulation ] mA=400 Gev Gev (<~ 2mt0p)
| Ldt=3000fb", \s=14 TeV theory forbidden region | Ldt=3000fb", \s=14 TeV theory forbidden region
5 ¢ discovery potential — m, =340, JLdt = 300fb” 5 ¢ discovery potential — m, =400, JLdt = 300fb”
2HDM Type-I 2HDM Type-I
o ST o ST Theoretical bounds include:
/ /  Higgs potential stability
. . / e tree-level unitarity of
) /é ) /% Higgs scattering
6 E 6 - * perturbativity of the
4 . 4 —~  quartic
2 Al J-M//////’%///////%: 2 / ..... ﬁ///////%
03 -02  -0.1 0 0.1 0.2 0.3 03 02  -0.1 0 0.1 0.2 0.3
cos(B-o) cos(B-o)
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ATLAS Preliminary, Simulation ]
| Ldt=3000fb", \s=14 TeV
95% CL upper limit

77/ theory forbidden region
_m, =

2HDM Type-II

3%

2.8

2.6%

2.4
2.2

2
1.8
1.6
1.4
1.2

||||||||||||||||||

|IIIIIII|III|IIIllllllllllll

4

ma=220 GeV
, = 220, JLdt:300fb’1

—

>
[}
S,

<
S

95% CL upper limit

theory inac

cesible regi
—_ tanp=3, I L dt = 300fb™

2HDM Type-II
900% T
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Theoretical bounds include:

* Higgs potential stability

e tree-level unitarity of
Higgs scattering

e perturbativity of the
quartic
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Couplin

. Expected precision
Model C:r‘;f;gfr Description 300 b~ 3000 fb~!
P All syst. w/o theory All syst. w/o theory
MCHM4, s Overall signal strength 8.5% 4.8% 6.5% 3.4%
EW singlet K= U Universal coupling 4.2% 2.4% 3.2% 1.7%
Vector boson (W, Z)
MCHMS, Ky coupling 4.3% 2.5% 3.3% 1.7%
2HDM Type I Kr Fermion (¢, b, 7, 4, ...) 8.8% 7.1% 5.1% 3.2%
coupling
Ky Vector boson 5.9% 5.3% 3.7% 3.0%
coupling
2HDM Type II, Up-type fermion
MSSM K, @, ¢, u) coupling 8.9% 7.2% 5.4% 3.4%
Ky Down-type fetmion 12% 12% 6.7% 6.1%
(b, T, , ...) coupling
Ky Vector boson coupling 4.3% 2.5% 3.3% 1.7%
Kq Quark coupling 11% 7.8% 6.6% 3.6%
2HDM Type III K Lepton (7, 4, €) coupling 10% 9.3% 6.0% 5.1%
Ky Vector boson coupling 7.9% 7.6% 4.3% 3.7%
2HDM Type IV K Up-type quark (¢, ¢, u) & 11% 10% 5.6% 4.5%
' lepton coupling
Ka Down-type quark (b, s, d) 21% 21% 11% 9.6%
coupling
Kz Z boson coupling 8.1% 7.8% 4.3% 3.8%
Kw W boson coupling 8.5% 8.1% 4.8% 3.9%
K; t quark coupling 14% 11% 8.2% 5.3%
Mass scaling Kp b quark coupling 23% 22% 12% 10%
parametrization Ky T lepton coupling 14% 13% 9.8% 8.7%
K, Muon coupling 21% 21% 7.3% 7.0%
Kg Gluon effective coupling 8.9% 6.3% 6.7% 2.8%
Hiees portal Ky Photon effective coupling 4.9% 4.7% 2.1% 1.7%
8P Kzy Zy effective coupling 23% 23% 14% 14%
BR; Invisible branching ratio <22% <20% <14% <10%

g accuracy
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Simplified MSSM

- Radiative corrections are extracted by evaluating

the mass-mixing matrix of the neutral CP-even
bosons at mh= 125 GeV

- The components of the h eigenvector are used to

rewrite the couplings as a function of ma, tanf

- Loop corrections due to stops are neglected (<5%

for mswop > 500 GeV)

: Universality of down type fermion is assumed

(kp=k:, etc.

- b-associated production is accounted for as a

correction scaling with yp?2

- ?ss_uming same differential distribution as for gluon
usion
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Higgs portal

- Invisible decay BR of the Higgs is all due to decay
to a pair of WIMPs X

mx < 0.5*mn

. give conservative limits on the DM-Higgs couplings

- DM-nucleon cross sections are expressed as a
function of the Higgs-DM couplings for different

DM spin hypothesis

scalar S : o5y = /lf;s S Temm ;{Zifi )
fermion £+ oy = *ifzfm’:(iﬁ%;"iv)z fiv is the Higgs-nucleon form
vectorV: o = A2 h mfif% | faCtor (lattlce QCD)

' VN Thvy l67rm2(mv +my)?

Excluded cross section is proportional to the [imit on
BR(H—=inv) 36



