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Higgs Boson mass

PHysicAaL
REVIEW
LETTERS.

e ATLAS+CMS LHC run-1 combination:
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https://cds.cern.ch/record/1471016/files/plb.716.30.pdf

Higgs Boson couplings
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.191803

Why the Higgs boson still is not THE Higgs boson "

= tuning in the SM.
. 500 | P 0
* The SM suffers from the hierarchy problem. i X
< g
) ] ] 8 400 E3
* Dark matter is not included in the SM. Y g
g 300 - .. =
. . . W
* Neutrino masses are not included in the SM. §
200 I
* There are known deviations from |
the SM expectation in q,, = % o _
(3.60 unresolved). v 10 10°

What we have found and

A (TeV)

measured for my.

* There must be physics beyond
the SM!

* At what scale does it set in?

* (How) Does it influence the
Higgs sector?

™ Arguments taken from S. Heinemeyer (HH Higgs workshop 2014)


http://dx.doi.org/10.1007/JHEP08(2016)045

Higgs sector in the light of (iree-level) unitarity

* Unitarity problem demonstrated for WW+ — W+ scattering

W w+ w+ w+ W+WW+
|
Z /vy H
ias ias W ias W+/\’\N\h/\/\/\,w+
M gauge = —qg? 4mW + O(sY) constraint My = g%{WW% + O(sY)
gaww — Qm%/v =qg-mw
Exact cancellation of divergent behavior v

only if scalar exchange particle has coupling
of type o m3,.

with: v = 2w

* Any additional contribution to this process should preserve this cancellation


http://arxiv.org/abs/hep-ph/0003170

Space left for new physics in the Higgs sector

ATLAS and CMS — i Two signatures of new physics in the Higgs
LHC Run 1 -o- ATLAS+CMS -+ ATLAS —+ CMS —12c Sector

= * Find signal of new Higgs bosons directly.

- e * Presence of new Higgs bosons usually
= leads to modifications of h(125) couplings.
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Direct searches for [ — invisible

. CMS Experiment at LHC, CERN
CMS Data recorded: Mon Sep 17 04:50:40 2012 BST
Run/Event: 203002 / 1762672184
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http://dx.doi.org/10.1007/JHEP08(2016)045
http://dx.doi.org/10.1007/JHEP08(2016)045
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https://cds.cern.ch/record/2201136/files/HIG-16-016-pas.pdf
https://cds.cern.ch/record/2201136/files/HIG-16-016-pas.pdf

Extensions of the Higgs sector

Additional SU(2)r Additional SU(2)r Additional SU(2)r
singlets. doublets. triplets.
* Just one more * 5 additional Higgs * Georgi-Machacek model
Higgs boson. bosons (— F+/— A, (preserves custodial sym.
* Mostly searched for H,h) of SM):
in WW/ZZ final e 2HDM of four types (a © — < o ot )
states. priori 14 unconstrain- S\ ot
ed parameters).
XO* £+ X++
NMSSM X = ( Xt & X )
(singlet + doublet) Xt =gy
MSSM under global SU(2)r, x SU(2)r

* All what is theoretically thinkable hosted/sorted by LHC  * Two custodial singlets (ma,

HXSWG-3 (LHC HXSWG authority of CERN YR's). m), one doublet (ms),
one fiveplet (ms).


https://cds.cern.ch/record/2201136/files/HIG-16-016-pas.pdf
http://dx.doi.org/10.1140/epjc/s10052-014-2980-6
http://link.springer.com/article/10.1007/JHEP01(2016)172

Higgs Bosons in the 2HDM

 Any 2 Higgs Doublet Model (2HDM) predicts five Higgs bosons: (!

Pu

0
qbd = (;ﬁg) 3 Y¢d = —1, Vd - VEVd
d

Npgof =8 — 3 = 5
W, Z H* H, h, A

¢+
qbu:(“), Yy, =+1, vy,: VEV,

N here shown for type-II.


https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG3
https://cds.cern.ch/record/2215893/files/LHCHXSWG-DRAFT-INT-2016-012.pdf

Higgs Bosons in the MSSM

* Any 2 Higgs Doublet Model (2HDM) predicts five Higgs bosons:

by
¢u - (¢2> ’ Y¢u = —|—1 3 Vau - VEVu =
o $ 500
Pa = (¢ﬁ) , Yp,=—1, vg: VEVy E
d E
Nndof = 8 3 = § 300 -+
W, Z H* H, h, A 200

* Strict mass requirements at tree level:
two free parameters: ma, tanB = vu/v,

100~ =

80
70

60
50

: gan{tanpz 10)

-=-- m, (tanf = 3}

# i

Large values of
tan 8 of interest.

200 300 400

m, [GeV]

My =mi +miy
2 1 2 2 2 22 2,2 2
M, —§<mA—|—ij:\/(mA—i—mZ) — 4m?m3, cos 26)
tana  — —(m% +m%)sin 23
(m% —m?) cos 26+\/(m?4+m2z)2—4m?4m2z cos? 2[3

(angle btw. v, & vq in isospace)



The role of down-type fermions

gVW//gé%g guu/gggf

gaa/ 95"

A — ~s5 cot 3

H cos(f—a) —0 sina/ sinf — cot g
h sin(f—a) —1 cosa/sinff — 1

V5 tan
cos a/ cos f— tan

—sina/cos f— 1

Forma > myz: a — 8 — /2 (coupling to down-type fermions enhanced by tan j3).

Interesting production modes:

g

gg — ¢bb  (“bbg”)

Interesting decay channels:
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGMSSMNeutral

LHC run-1— run-2
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https://cds.cern.ch/record/2142432

James Stirling (irXiv:0901 .0002)
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http://www.hep.ph.ic.ac.uk/~wstirlin/plots/plots.html

H — 77 decay channel

Decay Mode BR [%)]
EVelr 17.83
UV Vr 17.41 ——
1-prong v, 37.10 Ve, V., d
3-prong v; 15.20
W~ e U,
* Search for 2 isolated high LN _
_

pr leptons (e, u, ).

* Reduce obvious backgrounds (e.qg.
use Er ) & reconstruct m., .

Six decay modes:
ThThy HUTh, €Th,

eft

* Inputs: visible leptons, x-, y-component of E7.

* Free parameters: ¥, 0% (m,,) perr.



http://www.hep.ph.ic.ac.uk/~wstirlin/plots/plots.html

Search

* Search for peak(s) e.g. in (transverse) m.. distribution.

b-tag category: 10000000«
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Exclusion

—h ——A ——H

m,=400GeV tanf=15

100 200 300 400 500 600 700 800 900 1000

values.

ut MSSM myre®*

Both collaborations present their
results also in form of maximally model
independent limits on ¢ x BR or ANLL

With slightly different event categories
& different final discriminator.
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-006/index.html

Both collaborations present their
results also in form of maximally model

Future expectation independent limits on ¢ x BR or ANLL
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-16-006/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-085/

H — p7 LFV Higgs couplings

19.7 10" (8 TeV)

E CMS @ Data, ut,

LHC run-1

>

[0
o 1-Jet Bkgd. uncertainty
. o __ u;r - e gd. uncertain __
|egacy. Al I sM Higgs :
o r ’_|24>tt ]
S 50 I Other —
o E Bttt 1 ]

* SM forbids LFV couplings at tree level.

LVF could take place in Higgs sector.

CMS preiiminary 231" (13 TeV)
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BR(H — u7) = 1.54(0.75)% @ 95% CL (CMS)

PLB 749 (2015) 337

BR(H — ur)=1.85 (1.24)% @ 95% CL (ATLAS)

JHEP 11 (2015) 211

* H — uty,/pte with two specialties:
° pT(,LL) harder (— less V'sin decay).

* v more collinear.

No excess, but also not

H—ut :
1.62% (exp.) '
1.20% (obs.) o
P ] R T e BN A O T T S e

0 5 10 15 20 25
95% CL Limit on Br(H—u1), %

CMS-PAS-16-005

» same sensitivity reached,
yet, as for LHC run-1.
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Charged Higgs

* Expect signal in top sector: g ¢ —men ]
* Most sensitive channels: H+ — rv, HT — tb.
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H* production at the LHC, 13 TeV
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Charged Higgs (H+ — 1)

Usually restrict to 73, (1-prong), use my (1, M ET) as discriminating variable.
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Exclusion
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X — h(125)h(125)

* Search channels according to h(125) couplings:
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https://twiki.cern.ch/twiki/bin/viewauth/CMSPublic/SummaryResultsHIG

Conclusions

Very rich LHC run-2 BSM Higgs program of both ATLAS & CMS.

Impossible to cover all (even in 50min) — personal selection.

Higgs physics requires high statistics — also and esp. in BSM Higgs the most
interesting results are still to come.

Looking forward to full “LHC 2016” and “LHC 2017” datasets!
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-049/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-049/
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How can SU(2); symmetry be the source of weak interactions while at the same time
all interacting particles with m £ 0 explicitly break this symmetry?!?

Spontaneous symmetry breaking: * Symmetry inherent to the system but not to

its energy ground state (— quantum vacuum).

* Excitation of vacuum ground state leads to
existence of a new particle, characterized by
very peculiar coupling structure, needed to
preserve the symmetry of the system:

m
faspp = i— (Fermions)
v
2m? .
foovy =i—Y (Heavy Bosons trilinear)
Postulate new field ¢ with )
symmetry breaking vacuum: 2m .
N fHH=SVY =1 2V (Heavy Bosons quartic)
£ — 9, 6106 — V(9) v
_ 2 .3m? .
V(9) = —1*8'6 + A (6'0) foopgy =i—2 (H Boson trilinear)
3m? .
L + (LD +. N fuH—HHE =1 vzH (H Boson quartic)

t :- S| Particle masses created
. I,.i‘l VE® dynamically by coupling
to non-zero vacuum.

Ye (v+%)€e Me = Ye * VU

Lagrangian Density of (baryonic)
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