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The Higgs boson in the Standard Model
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— Unification of electromagnetic and weak interactions:
SU(2)L.®U(1)y local gauge symmetry; massless carriers
— Symmetry spontaneously broken via Higgs field’'s VEV#0
— 4 degrees of freedom of Higgs field
— 3 become the vector bosons’ longitudinal polarisations
— the remaining is the Higgs boson
— most economic way for EWSB

* h—VV defined by symmetry breaking
« h—ffbar is Yukawa coupling-ms

V

_____ aggvv

2m
V
ghvv = 0 N

K. Nikolopoulos

Status of the Higgs sector at the LHC

Mar 21, 2016 £ BIRMINGHAM



How many Higgs bosons?

In the Standard Model (tree level) it is predicted that: 0 — —5

Measurement: pg = 1.00040 4= 0.00024

Ee—— e
LEP, SLD, Tevatron, ...

The p-parameter constrains the structure of the scalar sector

In SU(2).®U(1)y, p=1 at tree level for scalar sectors with: zn: (L + 1) — L Y] v,
— singlets with Y=0 p= =1
— doublets with Y=21 Z Ly2,

2 7 7

— more complex arrangements...

Higgs doublet + Singlet

singlet can be real or complex 5 physical Higgs bosons

real: h, s , o .
complex: h, s, a E-conservmg scenario: h/H, A, Ii)_

T— ——

Two Higgs doublets
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Landscape of studies in Higgs sector
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SM

Higgs boson production and decay at the LHC
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SM Higgs boson production versus s
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h—ZZ™*)—4l (I=e,p)

AN

A EXPERIMENT

xun Number: 182747, Event Number: 63217197
Date: 2011-05-28 13:06:57 CEST

.N

»

- Tracking and calorimeter isolation
- Impact Parameter (IP) significance

- Two same-flavour opposite-sign di-leptons (e/p) T
- pT1234> 20, 15, 10, 7 GeV (6 GeV for p)
- Single lepton and di-lepton triggers

— mz constraint (~

h—ZZ*)—4l (I=e,u)
Narrow peak in mg over

smooth background
S/B~2

50 GeV <m12 <106 GeV,
Mihr(Ma1)< M34 <115GeV mn=12-50GeV (140-190 GeV)
— same-flavour opposite-sign pairs m;>5 GeV
— AR;>0.10(0.20) for (not-)same-flavour

— Final State Radiation Recovery (~3% in resolution)
15% in resolution)

UNIVERSITYOF
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h—2ZZ*)—4]
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* Narrow peak in myy (S/B ~3-4%)
* Main Backgrounds:
~80% di-photon — myy resolution
~20% yjandjj — photon-ID
» Background from data side-bands
e Selection: Two isolated photons (|n|

<2.47) with ET>0.35(0.25)*myy

n°-y Rejection

0
S3

JU
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S1 I
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Freakish Papers

(courtesy: times higher education)

https://www.timeshighereducation.com/blog/world-university-rankings-blog-dealing-freak-research-papers

nature International weekly journal of science

Home ‘ News & Comment ‘ Research ‘ Careers & Jobs ‘ Current Issue ‘ Archive ‘ Audio & Video | For

Neve & Comment > News > 2016 > eroh

B =

Physics paper sets record with more than 5,000
authors

Detector teams at the Large Hadron Collider collaborated for a more precise estimate of the

Csize of the Higgs boson. >

Davide Castelvecchi

15 May 2015
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The Higgs boson mass

ATLAS measurement: 125.36 £ 0.37(stat) £ 0.18 (syst) GeV
CMS measurement: 125.02 9264 57 (stat) *0-14 9 15 (syst) GeV

Phys.Rev.Lett 114 (2015) 191803
|| 1

I I 1 1 I 1 1 1 I I 1 1 1 1 I 1 1 I 1 I 1 1 1 1 I I 1 1 1 I 1 1 1 1 I

LHC Run 1 Total  Stat. Syst.
ATLAS H—yy p——e——+ 126.02+0.51 (+0.43 £ 0.27) GeV
CMS H—yy —e— 124.70 + 0.34 (+ 0.31+ 0.15) GeV
ATLAS H—ZZ —4i [ - | 124.51+ 0.52 ( £ 0.52 + 0.04) GeV
CMS H—ZZ —4l ——— 125.59 + 0.45 (+ 0.42 + 0.17) GeV
ATLAS+CMS yy I—EI—I 125.07 + 0.29 ( + 0.25 + 0.14) GeV
ATLAS+CMS 41 l_PE_l 125.15 + 0.40 (+0.37 £ 0.15) GeV
ATLAS+CMS yy+4l r—%-i 125.09 + 0.24 ((+ 0.21 + 0.11: GeV
1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 | 1 1 I 1 |
123 124 125 126 127 128 129

Sm/m~0.19% my, [GeV.
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Calibration
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Differential cross sections
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H-WW®) lviv

ﬁTe=33 C,_-;-eV, pr=24 d(-.‘-g\lf mllf148 Ge}[lz A@ll=1.7, MET=37 GeV, mT=98 GeV
: - WW —>€VluVCdIl 1aate an HOJeb
e Signature: Il + MET

° Maln Observable mT L()Hgltlfldlﬂ(ll view Transverse view

mr = \/(E'[I! 4 E}fliss)Q . (Pfrf + P%niss)Q

e Backgrounds: WW, tt/Wt, W/Z+jets, Wy/Wy*/WZ
e Separate final states:

e [epton flavours: pe, ey, uu, ee

* jet multiplicities: 0, 1, 22

Run 189483, Ev. no. 90659667
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H-WW®*)-lvlv: Differential cross section
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Snapshot of cross section measurements

Standard Model Production Cross Section Measurements

Status: Nov 2015
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h—vyy and h—ZZ—4l: Run 2

ATLAS-CONF-2015-059 CMS-PAS-HIG-15-004

CMS Preliminary 28" (13 TeV)
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Cross section versus energy

ATLAS-CONF-2015-069 CMS-PAS-HIG-15-004
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Search for New Physics

ATLAS-CONF-2016-011
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@ATLAS

EXPERIMENT /-,_./
http://atlas.ch l%/

q
e Largest BR (58%@mn=125 GeV)
* L arge multi-jet background

» Associated production with W/Z
e \VBF also considered
e Backgrounds: W/Z+jets and top
* Final discriminant: BDTvn
iIncluding mop
e Separate final states:
e number of leptons: 0, 1, 2
e Pr(V) or MET . .

* number of jets and b-tags Date:  2012.06.09

Time: 16:08:25 CEST

1.2_I | T T | L | T T | LI I | T T | T T | LI I_

>
o - CMS Simulation — Nominal -
> 0l ————— — ~ [ \s=8TeV GF;;:;:SC:;‘:‘“&?%T_
k= - anti-k, R = 0.4, LCW+JES + in situ correction ~ ATLAS Preliminary Ny [p— 4 — N
8 0.09E 012 yso 8 Tev ry—: P 1 Z(T)H(bb), p7 >100 GeV .5 eV (10.0%)]
@ - - (- - -
e 0'08:_“=0-0 [ Total uncertainty = g) - |
= 0 07:_ = Absolute in situ JES = T 0.8 —
@ E -1+ Relative in situ JES E - -
= 0.06F =+« Flav. composition, inclusive jets — i ]
© - Flav. response, inclusive jets ] 0.6 ]
5 0.05 - =+ Pileup, average 2012 conditions ] gl i
g 0.04° _ = [ ]
03 Jet Pt scale uncertainty 3 0.41- -
0.02] .- i Z
0.2 _
0.01 B Doy .
......................... . 1ﬂ.1'f - . :
() 22() G;() ‘1() 1 ()2 22><1 ()2 1 (fS £2><1 ()3 () cloo o b b e b g T~‘\ e
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Py [GeV] Phys.Rev. D89 (2014) 012003  m(jj) [GeV]
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o -
> 107 ATLAS -o- Data 2012 .
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105 || W+hf =
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= JHEP 01 (2015) 069 =
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\s = 8TeV,L =18.9 fb” [ ] Background
pp — VH; H— bb —— VH(bb) 125 GeV

—— Background uncert.

Phys.Rev. D89 (2014) 012003

T S S e e ——
+ + u * + * t

— %% dof =0.98 =
SEREmmEa e et EE =
E 1 dof =064 | 3
4 35 3 25 -2 -15 A1 -05 0
log(S/B)
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median expected observed expected observed

W(lv, tv)H 1.6 2.3 1.4

Z(¢0)H 1.9 2.8 0.8

Z(vv)H 1.6 2.6 1.3

All channels 0.95 1.89 21

Run | dataset ~SM sensitivity
ATLAS/CMS observe excess over
expected background
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Run: 214021
Event: 269834309

2012-11-05 09:48:46 UTC

* Promising for down-type fermion/lepton couplings
« Backgrounds
« Z — 11 dominant [embedding]
» “Fakes”: Multijet, W+jets, top [data-driven]
 “Other”; Dibosons/H->WW* [MC]

* Three sub-channels: TiepTiep, TiepThad, ThadThad
[mT~1.78 GeV and cT1 ~ 87.1 ym, T—leptons 35%, T—hadrons 65%]

» Sensitivity from VBF and boosted topologies

JATLAS

- g %5’ EXPERIMENT
ept = 956 GeV, Thad pT = 27 GeV MET=113 GeV mj1,2=1.53 TeV,

m~"MC=129 GeV, BDT score = 0.99. S/B ratio of this bin 1.0

CMS Simulation \s = 8 TeV ut
> 0,22_ T T T ] T T T T [ T T T 1 T L [R— 016
D ) of Hos * &5, VBF ATLAS E E — H-trmy,=125GeV
Final discriminant 0 0 gl — Zo peak<z%> 24GeV 1 7, 0145 i
' ~ . T H(1 25)—)’5’5 (H—)’C’C) =123.2 Ge 7 8 - —1TT
 BDT for each category: di-tau *%o.w;— FWHM,mpeakzso% 1 5 oz
properties (M, AR, ...), jet 4 0.14F = ok
topology (mj, Anj, ...), event So.120 s :
activity/topology (scalar/vector pT £ 0.1 4 008F
sum, object centralities, ...) £0.08- 1 o060
» Detailed categorisation, fit of my  %-96- 1 ook
0.04f = 04L
0.02 _ 1 002
- I J'"";" [ R N B PP -
% 50 100 150 200 T
JAEP 1504 (2015) 117 miMC 1GeV] JHEP 05 (2014) 104 m.. [GeV]
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h—T1T: Results

JHEP 1504 (2015) 117

t_ 104 TLA ethLd VBF | —¢—Dat|a _ g 4f T osThag VBIF | —¢—Dat|a ]
2 - \s=8TeV, 20.3fb" _mgg; Eﬁ:]f')f 7 10 F 1s=8TeV,20.3fb" _Zggg; gﬁjf)?
£ [ ATLAS B g 10°E ATLAS B ]
o 107F B Others > B Others
|_|>J - I Fake t© L 5 I Fake t©
/22, Uncert. 10 /72 Uncert. E
10°
10
10 1
/ O L L L O L L L L
8 1.5 + 1 8 1.9 ’
E Ieo—eo o hd w E 1 . 2 4 WAL ______
S 0.5 S 0.5
‘DU Co e by ‘DU Co e b L
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
BDT output BDT output
Channel and Category | Expected Significance (o) | Observed Significance (o)
TlepTlep  VBF 1.15 1.88
TlepTlep Boosted 0.57 1.72
. TlepTlep LOtal 1.25 2.40
"> [TiepThoa VBF PRI 2.23
TlepThad DBoosted 1.11 1.01
TlepThad loOtal 2.33 2.33 s
ThadThad VBF 1.70; 2.23 <
ThadThad DBoosted 0.82 2.56
ThadThad JlOtal 1.99 3.25
Combined 3.43 4.54
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h—T1T: Results

CMS, 4.9 fb' at 7 TeV, 19.7 fb™ at 8 TeV

L I L I T T 71
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4 3 =2 4 0 1 < 0 ——
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JHEP 1504 (2015) 117 log, (S/B) m,, [GeV]

CMS H—1r, 4.9fb" at 7 TeV, 19.7 fb'1 at 8 TeV

20 T
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----- : Parabolic fit : -
....... ‘ H (125 GeV) Expected ]
- + 10 Expected :
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15 _ .......................................... E
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Snapshot of cross section measurements

Standard Model Production Cross Section Measurements

Status: Nov 2015
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Phys.Lett.B749(2015)519 JHEP 1409 (2014) 087

CMS \s=7TeV,5.05.1fb" (s=8TeV, 19.319.7 fb"

112t 41— ATLAS 35 Expected + 1o

B e --- Expected + 26
\s=8TeV, 20.3fb" bG pected (sig. inj.)
4| — — - Observed
Tth
2, — _

3l

—=a— Observed CL_ limit 3l
------ Expected CL
------ Expected CL® signal Injected |

I Expected + T'c Qi
[ Expected +2 ¢ Same-Sign 2!

2107,

All — Combination

— I I 10
1 10 95% CL limit on o/cg,, at m,, = 125.6 GeV
95% CLg limit on p=c/c_

h—ttbar kinematically forbidden; direct
information on top-Yukawa through

associated productior
Complex final states: Eur.Phys.J. C75 (2015) 349
* tth—yy | Phys.Lett. B749(2015)519
* tth—multi-leptons _ Phys.Lett. B740(2015) 222

. (h—>WW*ZZ*, T7)

. ATLAS Coupllngs
tth—bb (125.36 GeV) - 2.5(1.5) Eur.Phys.J. C76 (2016) 6

Categories based on the dscaysof e | R TN e i

top quarks (di-leptons, I+jets,...)
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CMS updated all ttH analyses with Run 2 data
Amount effectively to ~50% of the Run 1 dataset

No conclusive, but ready for 2016 dataset!
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* Probing 2" generation Yukawa couplings

> 90000 IR R I I LR
* BRsm~2-104(125 GeV); S/B~0.2% & 45000 ATLAS 4 0m %M )
 Simple Final State o 40000 (o~ g roy [ Lat=2a8t’ S0 B
« WU (pT>25,15 GeV, pruyp>15 GeV) £ 350001 Howw [ iz Gevl xooo
. (O] C
- Backgrounds: Z/y*—puu, top, dibosons & 30000- [Phys.Lett. B738 (2014) 68]

- Parametric Model: Breit-Wigner+Expo 25000 ey
- Categorisation: central/non-central muons fgggg T
and/or production mechanism 10000
« 95% CL upper limit @mn=125 GeV: 5000
ATLAS : 9.8 (8.2)xSM

CMS : 7.4 (6.5)xSM

I|lllI|llII|IlII|lIlI|lIlIIIIIllIIlllIIIllIIll

110 115 120 125 130 135 140 145 150 155 160

m,.,- [GeV]
H-u'n 19.7 fb™ (8 TeV) H-u'w 19.7 fb' (8 TeV)
% 16fr 2.JetVBF Tight —— pata  CMS 3 B F 01-JetTight BB —— paa  GMS -
. g 16 H 2-Jet VBF Tight —s— Data — - 0,1- —— Data i
no universal Higgs boson 2 ¢ s :
5 5 o~ ME Background model - = 800 Background model -
coupling to fermions - 33 .
GCJ i < e SM Higgs boson x 20 E GCJ 500 ah. " SM Higgs boson x 20 b
o OF ue = T - [Phys.Lett. B744 (2015) 184] -
8= I\ - | i
o . 400 — —
6 ioh — o .
n ’ 3 : i
M <l> T 4’ E 200 {— —~
2:— 1 i o
CMS search for h—e'e J\1 S =
BR(h_)ee)<1 9 1 0-3 _ 1.§1 72/NDF = 14.2/18 = 0.788; p-value: 0.717 ' _ % 72INDF = 45.7/48 = 0.953; p-value: 0.566
8 °8 EE:
BRsu(h—ee)~5-10-° §° o3 :
[Phys.Lett. B744 (2015) 184] B 120 130 140 150 160 _:10 120 130 140 150 160
my, [GeV] m,, [GeV]
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h—>QY (Q‘Jltp,Y)

V %24: HURARE RS RS RS RS RS RS RS b s R I B B B
O 22F ATLAS 4 O [ ATLAS ]
< » = < 4
~ 20 ls=8TeV [Ldt=192fb" 4 - | /s=8TeV [Ldt=19.2fb" |
"g 185— ¢ Data _f "g 20: ¢ Data ]
o n —— S+BFit . o - —— S+BFit
H------- Lﬁ 1 6:_ [[] Background E Lﬁ [ Background ]
14F [JH[B=107] = 151 [CJH[B=107] o
1 2_ ‘ [z [B=10"] _ [ []z[B=107] i
12; : 10} PRL 114 (2015) 121801 -
“Direct” “Indirect” o ‘
[ Phys.Lett. B82 (1979) 411; Phys.Rev. D27 (1983) 2762; 4k Sl ]
Yad.Fiz. 46, 864 (1987); Phys.Rev. D88 (2013) 053003; oF L
Phys.Rev. D90 (2014) 113010, JHEP 1508 (2015) 012] ot . [ | N AT B
40 80 120 160 200 0 50 100 150 200
m,,., [GeV] ;ﬁ”[GeV]
PRL 114 (2015) 121801
102 ¢ . o
: ATLAS ~ \5=8TeV CMS 95% CL upper limit on
i 20.3 fb~! 20.3 fo ]
e B BR[H—(J/p)y] < 1.5x10-3
-- - w7 o [PLB 753 (2016) 341]
107 o  Observed E

== =eeces220] - Indications for non-universal Higgs
% § | boson couplings to quarks.

10°° s

95% CL upper limit on Branching Fraction

BR 95% CLs upper limits:
~10-3 level for Higgs boson decays
(SM production) and
~10-% for the Z boson decays

10°° :
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Higgs boson production and decay modes

.BR' ATLAS-CONF-2015-044
e =y CMS-PAS-HIG-15-002
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R E LT \ LHC Run 1 CMS
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Problng the nggs boson couplings

] Framework for Coupllngs based on |

| LHC Higgs Cross Section WG. Leading | Reminder: Production-based
order framework: | categorisation gives access to
e single resonance of 125.5 GeV | different Hiaas boson counlings
e narrow width approximation . 99 2N —
~» only modifications of the coupling strengths ]i
through multlpllcatlve factors )\
— - e — q
9 Z
W/Z
z / 2 H
K2 H ny !
/ > e —_-—————— Ry
K
—————— v
] b W)z z
q $\
Ki(KE, KY) = o KR+ B - Ky F e el
5_— Ho ZZ*— 41 -- 95% CL -
O'(ggF) . BR(H — ZZ) - Is=7TeV [Ldt=45fb" + SM .
,UfggF;H—>ZZ — 4 1s=8Tev [Ldt = 20.3 fo! my = 125.36 GeV 1
osm(ggF) - BRsy(H — Z2) - |
K2 - K2, | o
R
Ry - Ry IS P
MVBF H—2Z = : e - :
(XKJ%_-—FBK,%/ o A T R N AN BN B

06 08 1 12 14 16 18 2
For large kr:ggF rate doesn’t depend strongly on kr
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Probing the Higgs boson couplings

ATLAS-CONF-2015-044
CMS-PAS-HIG-15-002
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BSM contributions in decays/loops

ATLAS-CONF-2015-044
CMS-PAS-HIG-15-002

—~ 8
x 8r
ATLAS and CMS Preliminary 2 [ATLAS and CMS
LHC Run 1 % 7:—LHC Run 1 Preliminary
B :I < | — Observed
KZ -k, <1 < 6;_ ----- SM expected
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K — T |0 _+: 1 B ./.
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K, . . '
K’C ——.—i— oL
| B kv<1;
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B Oo: o1 Tz Tos 04 os
: . . . . .
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1 1 1 | 1 1 1 | 1 1 1 | | I | IVV_I ] | ] ‘57‘ | L1 | 1 1 1 | 1 1 1 I 1
06 b a0 08 T T T Te To probe BSM contributions the loops
Parameter value are nOt I’eSO|Ved Kg KY

In one case no BSM decays (BResm=0),
in the other allowing BRgswm to be free.
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* SM “Invisible” decays suppressed; BR(H—ZZ*—4v)=1.2-10-3

e Observation means New Physics!

Phys. Rev. Lett. 112, 201802 (2014)

> 10° T ' ' > L I L DL AL BN R
5 10° ATLAS Preliminary o Data $10° ATLAS ® Da E
w 10 Data 2015, s = 13 TeV @Powheg Zup o F \s=8TeV,[Ldt=203fb" B zz- ceviineln E
2] Z — up, 3.2 fbo” @Powheg Ztt N ~ ZH = ¢¢ +inv. P wz - cvee(inel.r) -
o ESherpa W L10PE e B v diep i Wtz =
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E 2_ Q = I I | | I I I | I I 1
o [ OMS 95% CL limits = o data v CMS 1
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| CMS looked already at ZH—>|nv in 13TeV More data needed |
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— Indirect constraints from low-energy data; certain transitions still loosely constrained
[ JHEP 03 (2013) 026; Phys.Lett. B712 (2012) 386 ]

— QFV: constraints from flavour physics
— LFV: constraints from y—ey, 7—u/ey, u/e g-2, EDM
BR(H—eu)<10%; BR(H—eT)s10%; BR(H—pu1)<10%
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FCNC in t—gh

e e ATLAS N
Process SM QS 2HDM-III FC-2HDM MSSM Ho W v s
t—>uwy |37-1071° 7.5.107 — -~ 2-107° (58 TeV. 203 fb”
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95% CL limit on BR(t—Hc) [%]

Light quarks challenging, focus on top-quark decays Lrene = AgegtHe + AygtHu + hec.

ATLAS search for t>gh(—yy, bb, WW, 11), where g=(c,u)  2°%F anas =~ —obseved |
* 95% CL upper limit on BR(t—ch): 0.46% (0.25%) oof 1s=TTevasw’ B Expected 15

* 95% CL upper limit on BR(t—uh): 0.45% (0.29%) b ois=8Tev208mT Expected +26 -

* CMS combined h—yy and multi-lepton search. 0.15[ ComPined WHEP 1512 (2015) 061 ]
* 95% CL upper limit on BR(t—ch): 0.56% (0.65%) .
[Phys.Rev. D90 (2014) 112013] 0.1 ~
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[Phys.Lett. B749 (2015) 337] 101" (@ Tev
>

Lepton Flavour Violation: h—T1u, Te, ye

~

—— 2 * Direct search for Lepton Flavour Violating h—1p
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8 1 CMS 19.7 fo" (8 TeV)
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Lepton Flavour Violation: h—T1u, Te, ye
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Higgs boson pair production
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Higgs boson pair production at 13 TeV
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Summary

Status: Nov 2015

Standard Model Production Cross Section Measurements
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG/index.html

