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The Brout-Englert-Higgs-Mechanism in the SM

Brout,Englert; Higgs; Guralnik, Hagen, Kibble 1964

mass
Leptons spin =% [eV]

CERN modified by N. Mdser

Allows to describe elementary particles masses w/o
» destroying renormalizibility / predictive power

» violating unitarity in high-energy scattering

Scalar Higgs field
» develops a condensate
» excitation is Higgs boson

Interaction with condensate
“provides” particle mass

particle P mass = coupling x vev
vev = vacuum expectation value

Higgs boson H interacts with
particle P via same coupling

P
H

P



The BEH-Mechanism in the SM

V(9) Most general renormalizable gauge invariant potential:
2 2
V(9) =~ 0+ A(@"9)7 1A >0

S Condensate v hides symmetry of underlying Langrangian

g
0, " My =Jv  my=—v Mg = VA
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N

Higgs boson mass: - enters production and decay rates via phase space
- determines Higgs boson self coupling



Higgs Boson Production at the LHC in the SM

Four major production modes
Gluon Fusion gg—>H

[

~ 88%

q

il

107!

1072

M(H)= 125 GeV =

NLO EW)

LHC HIGGS XS WG 2016

CD &
NaLO &
pp,,H(

1 | | 11 111 | L1 1 | IIII|I
6 7 8 9 10 11 12 13 14 15
Vs [TeV]

From Vs=8 to 13 TeV:
increase of o, ,; by factor 2.3

Major theoretical effort to reach
this precision: LHCHXSWG



Higgs Boson Decays in the Standard Model

H-> fermions

b, 7 ,..
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Higgs-Boson life time 1.6 x 10-2?s
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LHC: pp Collisions at Vs = 7 to 13 TeV

Run-1 2010-2012: Vs = 7- 8 TeV Run-2 since 2015: Vs = 13 TeV
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Excellent performance-of all CER'I*\I-_' s
accelerators in-particular LHC-and
of CMS and ATLAS experiments

Looking forward to 20 more years
of operation and data taking



LHC Data Sets and Event Rates

CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:22 to 2016-10-27 14:12 UTC
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Total Integrated Luminosity (fb ')

Number of produced events and Higgs bosons Branching ratios for two

July 2012 720 x 1012 200 000 main discovery modes < 0.2%

Run-1(11/12) | 1830 x 10™ | 560 000 Only 1 detectable Higgs particle
Run-2 (15/16) | 3000 x 1072 | 2 200 000 per 1 000 000 000 00Q collisions




Reaction Probabilities at LHC

o [pb]

Standard Model Production Cross Section Measurements

Status: March 2017
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Excellent agreement between theory prediction and experimental measurements
due to very precise calculations and very good understanding of detector performance
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July 2012: Discovery in the Search for the SM Higgs

ATLAS ¢+ paa =

—— Sig+Bkg Fit (m, =126.5 GeV) 3

Observation in bosonic decay modes: ~ Sap N\ — Sy s
H->yy, H>ZZ>4l and HOWW- lvly o T
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Is it a Higgs Boson?

My definition of a Higgs boson:
Excitation of field, which provides vev for generation of M, and M.,

-
o

Higgs boson has to be scalar, in order not to break isotropy of space

487100

At least one Higgs field has to couple to W and Z bosons vev V
to provide mass terms - associated Higgs boson H \

has HVV vertex with CP-even SM coupling structure \

ATLAS Spring 2013

H— vy ® Data
Vs=8TeV [Ldt=20.7 fb”
v CL, expected . H 9 9 V
H— zZ* — 4l N
V

assuming JP=0"
Vs=7TeV [Ldt=4.61b"

+10
Vs=8TeV [Ldt =207 fo" [l v

H — WW* — evuv/uvev
Vs=8TeV [Ldt=20.7 fb”

)

P
alt

Now all alternative J°P hypotheses
excluded with 2 99.9% CL

CL, (J

First evidence for scalar nature in spring 2013
—> Since then ‘It is a Higgs boson”

CMS has excluded twenty “spin=2 models”
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Deciphering the Nature of the Higgs Boson

The BIG Question: Is it the Higgs boson of
the Standard Model (SM) or of an extended model?

» Search for additional Higgs bosons

hot discussed today, see talks by

- M. Mihlleitner, Ungeléste Ratsel und bisher keine
Neue Physik in Sicht: Was lernen wir vom Higgsboson?

T 27.2 Di, 9:10 Uhr

- R. Wolf, Die Akte Higgs - Funf Jahre Higgsphysik am LHC
T97.1 Do, 8:30 Uhr

» Determine properties of discovered boson
and try to falsify Standard Model predictions

= determine mass, fixes all properties:
measure cross sections, branching ratios,
couplings, ...

= search for beyond SM phenomena:

decay modes, coupling structures, ...
violation of symmetries (CP, ... )

Disclaimer: No complete overview, selected and new results.




Key Parameter: the Higgs Boson Mass

From peak posmon in H>yy and H> ZZ - 4 lepton mass spectra Mass resolution 1-2%.
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Run-1 Combined + CMS Run-2 Mass Measurement

I I 1 I I 1 I 1 I I 1 1 1 1 I 1 I 1 1 I 1 I I 1 | 1 1 I 1 I 1 1 I 1 | I 1
ATLAS and CMS e—Total | Stat. =7 Syst.
e fun' ol Sat. Sy M, = 125.09 £ 0.24 GeV
ATLAS Hyy F—E=e==—H 126024051 (+0.43+0.27)GeV H
CMS H-syy 124.70 +0.34 (+0.31+ 0.15) GeV =
ATLAS H—ZZ -4l 124514052 (£ 0.52 +0.04) GeV i e
—3 - Kol Busii VB U aoi] b e —_—
Asyst =0.11 GeV
CMS H—ZZ -4 p——— 125,59 + 0.45 (+0.42 £ 0.17) GeV
ATLAS+CMS 77 125.07 4 0.29 (+0.25 + 0.14) GeV 0.2% precision
ATLAS+CMS 4/ 125,15+ 0.40 ( + 0.37 + 0.15) GeV dominated by stat. uncertainty
ATLAS+CMS yy+4i 125.00 £ 0.24 ( +0.21+0.11) GeV
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M, = 125.26 + 0.20,, + 0.08,,,, GeV 6
expected uncertainty: ~ 0.26 GeV

40

stat. and syst. uncertainty reduced by
factor 2 with respect to Run-1 analysis
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M,, as Precision Observable

% CF o e e Beyond Born-Level: M, not independent
= :_-SMfIthth t B ter. but M, = f(M M )
g  measuremen : arameter, = . g
4 B rsmtitwio M, measurement T [ -2 P H w top
3.5 [_HBH ATLAS measurement [arXiv:1406,3627] i i
8 E CMS measurement [arXiv:1407.0558] A l.i /_f__
- A /
2 W  SEECUP R W J— )-——w
5 A, = 1/100 A E R
2\, direct indirect || 2 - W/ o
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0.5 — o e . . .
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80. - . i i
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M,, as Precision Observable

Stability of the electroweak vacuum

M,,) in metastable region / \

(M

top, ~ .“'-.___,_..-""—.’.
two o away from stability area ) Absolut by
more precise measurement 163 o — — -
of M,,,, higher priority My GeV
Parametric uncertainty AMp,, from M, Aveo | Do | AMipar

on cross-section and BR small compared to

- theory uncertainties A, (LHCHXSWG)
- experimental accuracy A.,, (A+C combination) | Sver £2.8% | 22% | +0.3%

BR(ZZ) |+4.8% |+22% |+2.5%

= No need to measure M, more precisely for now
but nice experimental challenge: understand energy/momentum scales to 0.1%
15



Event Ratesin i> H> f

Assumption: 1 CP even Higgs boson with SM tensor coupling structure and kinematics

]
I

» Large cross talk btw. production processes “i”, negligible in decays “f’

» Signal categories: enrichment from one production process ‘i

Event category A : “gg—>H"-like Event category B: VBF-like P | ’c\*' H
(3 CALAL
N gg>H VBF N N gg>H VBF ‘
80% 20% 30% 70% C' \"//.. u\
‘\/\\— ) \ ’
V4
- 4 N 4
My M Background

stgnal

n’  (¢)=L x BRf x Zai X €;(c)

{341
I

¢ = efficiency for production mode “i” to fall in category “c”
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Measurement of o ; x BR" in Run-1

ATLAS and CMS —e— Observed +1o
LHC Run 1 [ Th. uncert.
n - - —— -
. o | —— very low precjsion |
ww - o o -
TT —+— -+—o— —— i —i—o— —o—i—
bb not measured + o +
-05 0 05 1 15 -05 0 05 1 15 4 2 0 2 4 6 8 4-20 2 486 8 4202 4 6 8
ggF VBF WH ZH ttH

o - B norm. to SM prediction

Signal strength u for : i>H->f

Y O ;  BR
; = l[ =
(01 )sm (BRf )SM

g; X BR! = [I; X ,uf X (0 X BRf)gM

without further assumptions only products of u, and uf can be determined
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Signal Strength u in Run-1

Global signal strength : all u, in production and uf in decay are the same

p=1.097010 = 1.0970-07 (stat) *0-03 (expt) To-s (thbgd)*9-7 (thsig).

Statistical and signal theory uncertainty of same size
N2LO->N3LO+new PDFs for gg=>H: o up by 10%, uncertainty reduced by 40%

w in Production: assume uf=1 u in Decay: assume ;= 1

Al and CMS A ATLAS and GHS - ATLAS+CMS gg ~H ’ H QYY/W W/ZZ
- 5 o b observed individually
Hogr :,5- o I in ATLAS and CMS
MVBF ____—-.—-—— B . . .
u# e Combination yields
M —_—— | : .
o= - i Observation of
T a — VBF and H-> 1t
u | . e — Evidence for VH and
ttH ; _ e
. - g ttH (Z=4.4, exp. =2.0)
- bb o ——— .
A - R N s Excess in ttH (2.30)
-1-050 05 1 15 2 25 3 35 4 —1”:{).|’.:3|HOHIOI.SII I1m1.5m|2|II|2.5|III"E’>HI".I’>.5””4
Parameter value Parameter value
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LO Coupling Modifiers / Kappa-Framework

Cross section in narrow width approximation: LO coupling modifiers «;.
. o; x TV gpr 2 5M
O'(Z%f): - K:W 0 = kg - 0y
F — /if . F ’
Look for deviation of ¥ from SM value = 1

Example: gg=>H->WW (Z2):

_ 2 _SM t W.7
Ogg—H = KgOgg—H ’ -
t _-H---- _
0gg—H = f(ki, /‘Gb)cT;g%H f L'wyz “W/ZFSM
W, 7

Total width I'y,5y = 4.1 MeV (<< mass resolution in H-> 4| and H->yy)
- scales all observed event rates
- lower limit from observed event rates

—> constrain total width with model dependent assumptions ‘9



LO Coupling Modifiers: Scenario 1

Allow new contributions to loops ATLAS and CMS
. . LHC Run 1
> effective coupling for gg >H and H->yy il :
Y << S S B
| ‘.'—— H H—e Kw B -
5 Y K o ———
% A :
Upper limit on width from: K| —-'-—
a) |ky| =1 or b) no BSM decays T e | < 1 !
ol| B B
b ~0- Bgg=0 |
Precision ~10% W /Z/g/y — — lointerval i
|](g| — 20 interval —"-"—
~12% 1, ~17% b, ~22% t - §
Expected deviation from SM — ’
: . B —
if new particles are heavy BSM | | * | | |
Model Class Ay, | Ak, Axy -5 -1 -05 0 05 1 15 2
Parameter value
Mixed-in Singlet | 6% 6% 6%
Composite Higgs | 8% tens of % | tens of %
. 5
Minimal SUSY | <1% | 3% 10-100% Limit on BRggy < 34 (35 exp) %

Gupta, Rzehak, Wells Phys.Rev. D86 (2012) 095001 20



LO Coupling Modifiers: Scenario 2

Higgs only couples to SM particles - no new contributions to decay and loops

ATLAS and CMS - ATLAS+CMS
LHC Run 1 - ATLAS T T T o
B - CMS - ATLAS and CMS
: — 1o interval C
KZ — + — 20 interval I LHC RUI’] 1
— = i .
Kw - 1
K, - ¢ ATLAS+CMS
— . SM Higgs boson
- — [M, €] fit -
[ice| el [ 68% CL
B T [ 195% CL
o 10468
- ; _9
[ic, | S — 2
— © L Ll Ll Lol
| 1 | 1 | | | | | 11 1 1 | 11 1 1 | 1 1 E 0 1 2
-2 -1 0 1 2 3 10° 1 10 10
Parameter value Particle mass [GeV]

Precision: ~10% W/Z, ~14%t/t, ~21%bDb

Not a model independent measurement of couplings
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ttH Production in Run-2

> Largest Yukawa coupling Y, of order e
» Run-1combination: significance high by 2.3c, u=2.3"97,,
> 0yn(13 TeV) / 0(8 TeV) = 3.9 - sensitivity increased Q- ---- H

very complex final states: JW”“\’\ )
6 fermions + Higgs decays (H->bb,yy,tt, WW,Z7)

- very sophisticated analyses with many signal categories

CNIS, o cMS e — sds?fb) (13 Tev) u still a bit high on average
‘ New g_;;) 120 . bEta .\éVZ pgﬁn-prompt ] L B L (L LU B |§“'
X t ares arge mis-m. &2
g Biw Dwow gromae ™ 1 LHC Runi —_—t—
100_— Otz TIConv. - F i
ATLAS - o
Run-2 35.9 fb" bb ~\1s o — e
ttH>2 £ [ X ep ATLAS 0 2
| = 7 ATLAS ® 7
= + ] A QIS!EIEIISEIIS!I |E|E||S!§||§| |§|§||§§||§| |§;||E;.§.,.;;..§.;. E'L B ;

l"L ~ 1 5 - 05 E 12 ::-stat. unc.  [total unc. :: 4 CMS R

Z=33 g 15 ]
(2.5 exp.) 8 i§?+++ﬁ * ++ o Es tt?—|
2 €XP- e T I e T u(ttH)

Final dicriminant CMS 4l,lep 35.9fb' Rest 12.9-13.2 fb’ 29



Does the Higgs Boson Decay to a Pair of b-Quarks?

H->bb largest branching ratio 58.1% Experimentally challenging:

- mass resolution 10 to 15%
Run1 not conclusive: - most sensitive pp=>VH, H>bb
Z=26 (exp.3.7) wu=0.7x0.3 V- leptons

from ATLAS+CMS combination e/ufv

q
VH, H->bb e /t o
(13 TeV , 13.2 fo") Hx/ b

9 b

ATLAS Preliminary

- - -1 mm VH(bb} (n=1.0)
Vs =13 TeV |Ldt=13.21 . Diboson
t
mm Single top
mm W+(bb,bc.cc,bl)

B Z+(5b,be.cc,bi) Significance 0.42 (1.94 exp.)
u=0.21+0.50

Events /0.5

VBF, H=>bb also searched for
but factor 5 less sensitive

Still no evidence for H>bb

Pull (stat.)
Q

|

I

¢

IIIIII II-|_|-*-|_|-II IIII|IIIIIIIIIIIIIIlIIIIlIIII
4 35 3 25 2 15 -1 05 0 05
log, (S/B)
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Higgs Boson Coupling to Charged Leptons

Coupling to y and Z universal for e, p, t toHInSM: Y /Y, =m_/m, ~17
H%TT , g 80:— ﬁiLjr.SVBﬁBoosted 2 sty ]
) g femrTevase =" 71 Noresults from 13 TeV yet
. AM/M=15%\\/H'/ ST TR 1 Run-t:
@ . . .
= VBF most Wiz __( 2 Individual evidence
i N F : L L
sensitive B T Observation in combination
2 20:_—52331(;1?1.;_3 T ' E Z= 55 [.JL=1 . 1 102
q qf g:; 10:— thso; E:;ez; = -
;:; 0' i ' e
2 50 ' ‘1000 ‘150 " 200
mMMC [GeV] New
S B aTiAS Preiminay E
HekL;L[,L E 302_\{.82':-??130?-48 ' \'§=13TeV,36.1fb1_§ Run-2 36.1 fb' #itat
M/M=1-2¢ Eoe U & u=-0.0721.50
| -] - C Background model
A %0 20r —— St 125+ 20 E u=<3.0 (3.1 exp) 95%CL
= gg—~>H and VBF usable ]
’ i T i Run-1+Run-2:
e \‘ﬁ/( S u=-0.13+1.40
AW . € < 2.8 (2.9 exp.) 95%CL
g /'/,\rfi v _giﬁh}hﬂ++++_++u;++ﬁ;++4,.+*++++#!H#.ti i M ( )
’ ! _14;;: 115 120 125 130 135 140 145 150 155 1_;50

my, [Gev]

Y./Y, > 83 - non universal coupling strength
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Observatlon of H%W | ZZ - 4 leptons in Run-2

13.3 fb-! o0
H->vy

35.9 fb"

3 = = CMS Prfﬂmfnary 85970 (18 Tev)
= 200:— —-—nw AT.LASPreIImInary_: = o= R R L B L R
% 1m0 + Background =13 To V 1337 CMS @ C & Data 7
£, = —— Signal + Background H—"\.f m, - 17508 Gev " [da] E
‘B 1gp—— — Signal . = [a] - = H£125)
= = 5/B welghted sum of 3 -, BO L O og—2Z, Z3*
= 1anF cvent categorics - ‘g B 9922, Z:*
I = E E m Z+X -
A LAS 126 = L 50— 3
EXPERIMENT 100E— 3 i} E

H->4l

g
@
;\] 9’0 80 S0 100 110 120 130 140 150 180 170
m,, (GeV)
CMS Praliminary 35.0 b (13 Tav)
|||||II|II||||||||II|IIII|IIII|II IIIIIII IIIIII IIIIIII IIII
— - o H—ZZ% — 4
ATLAS Preliminary —e— Total Mgy = 1-20'0%0 m—
| Vs=13Tev 133 1" - M = 125.09 GoV
I n — 1.05'%1°
125 L1 ) o7
by - o———— b, =025 00 by = 00650 e
+1.27
Py —_— by =023 T
V080 1 = 0.00*]
'u'\.rEIF — —_—— =224 Whheed
WL L =059 oo
aH e HogH -0z _ +2.78
- S ] Y hiep = 0.00755,
R e !J,Hun_2=0.35 00
m =117 % = 0.007} %8
runt (- Py =117 o2 b = o0 — 1 05 +0.180
I T S Y T T T T T U A TN S Y . _017
2 -1 0 1 2 3 4 5 P | B B B B I
o] 1 2 3 4 5
Signal Strength i

ATLAS: Run-2 Uncertainty ~3/4 of Run-1 CMS: Run-2 uncertainty ~213 of Run-1
CMS: Run-2 (129" u=0.95*021, ATLAS: Run-2 (14.8 fo-') u consistent with 1

Run-2 obervation in both experiments in both decay modes. More precise than in Run-1.
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Total and Fiducial Cross Sections in Run-2

Total cross section o,(\s) CMS Fiducial cross section og,(\s)
INIWL  from H>yy and H>ZZ-> 4 | fromH>ZZ>4

EXPERIMENT

5.1 (7 TeVv), 19.7 fb" (8 TeV), 35.9 fb' (13 TeV)
E -lI|IIII|Illlll|IIII|IIII|IIII|I|||ll- E _IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII_
%E 100 ATLAS Preliminary ~ — o, ,, m,=12509 GeV : = 6 CMS Preliminary E
r * i 7 = B ]
g L AH-yy DH-ZZ-4 ?S[D snc;:r}tuncelrlae;ng} ol i + Data (stat. & sys. unc.) ]
o> on[ #comb.data " systunc. W10 NGO e BTORL Sln =
80__ | - —— Systematic uncertainty i
4 S:\\f:\\f:\\ Standard model (m_= 125 GeV, NLO gg—H)
3 |~
: @
2 , =
B g3l i
- .«s’“ﬁé\ggm«ét\‘ ) ]
(5=7TeV, 451" : 1= -
- Ys=8TeV, 20.3 b 1 - o (H — 4l .
1 - + x -
O fs=13TeV, 1337 (yy), 148167 (Z2*) ] oF PP ( ) =
PR R S S T TN NN SR SO ST N S S SN T T NN SN SN (N T T ST S AN T S S T 1 TIII|IIII|IIII|IIII|IIII|IIII|IIIIIIIII|IIII|IIIT
7 8 9 10 11 12 13 6 7 8 9 10 11 12 13 14
Vs [TeV] Vs (TeV)

All compatible with Standard Model predictions

Both experiments also measure fiducial cross sections in many space regions
and differential cross section in P, N -, .... 2 Test of QCD, Search for New Physics

26



Triple Higgs Coupling / Higgs Boson Pair Production

The “holy grail” : reconstruct the Higgs potential
= measure triple Higgs coupling A,

AN Q -

Cross section depending on VA gy,

. . . | HH prloductionI at 14 TeIV LHC e;t (N)LO Iin QCD 3
Accessible in nggS boson T My=125 GeV, MSTW2008 (N)LO pdf (68%cl)
pair production: gg%HH 102 - Phys.Lett. B732 (2014)142—149-E

g AvHH - H g0t | T
/ =l ; Negative interference
Yt H > ) 10° =
g «H SM
Z )\/?&Shﬂ:()_)iz

_ Opy £ 50%

g “TOO0) ---H
t Y -4 3 K -1 10 1 2 3 4

g OO0 ---H M

MadGraph5_aMC@NLO

o . 1 M. A M \ ¥
nsM: L, =-4 M H {2 H? - Mu_ Y

N
-~



Limits on Cross Section for gg=>HH

35.91b7 (13 TeV)

2
10 EECMS tes. bb .7, ¢ Data
- preliminary channel it
10 QCD
E " Drell-Yan

Oy increased by 3.3 from Vs = 8 to 13 TeV

New

’[h’[h [ Other bkg.

[ SM Higgs
O bkg. uncertainty

—m-= (k. =1, 8M) x 100
S (k:=20) x 10

CMS gg~>HH->bb 1t
/| (BR=7.3% - 88 events)

dN/dM.,, [1/GeV]
|

35.9 fo-!

most sensitive single result

Uny = 0(gg>HH) / o(gg>HH)gy < 28 (exp 25)
assuming SM BR for Higgs

SenSItIVIty Improved ~ 3 w.r.t. Run-1 0 50 100 150 200 250 300 350 400 450 500

M, [GeV]

Stransverse mass

1%8%)) 99> HH->bbbb (BR=33.6% > 150 events) with 13.3 for from Run-2
LULWENY | < 29 (38) sensitivity improved by ~1.5 w.r.t. Run-1

HL-LHC (3000 fb-"): Combination of all channels and ATLAS and CMS

will be crucial for observation of HH production 08



Open Questions & Possible Connection to Higgs

Dark Matter contributes with ~25% . Universe content
visble mater 5°/o

to energy content of the universe >

. . ' dark matter 27% %
In specific models (Higgs portal)
Dark Matter (DM) particle couples
only to Higgs boson

- e.g. search for H-> invisible decays
for Mpy, < 72 M,

Baryon Asymmetry of the universe
n = baryon / photon density ~ 5x10-"

CP violation needed to explain asymmetry 10 000 000 000
CKM-CP violation too small to explain obs. 1

- search for new sources of CP-violation
in the Higgs sector
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Search for H= invisible

Most sensitive: VBF production Look for excess in di-jet mass M,

23" (13 TeV)
> 45 :_I 1 I I I 1 I I I I I | I | | | | | | | | | | | | | | _l:
S cms t Da -
o 40F| VBF jets [z vv)tiets E
S 35¢ B Wisstv)+ets =
= (] QCD multijet :
S 2501 E

T 7 I Top quark
s 0E — H, B(H — inv)=100% 3
7 Run1+23fb-1at13TeV 158 7 BH > inv) E
» 10 .:_ <0.69(0.62exp.) -
B(H — inv) < 0.24 (0.23 exp.) at95%CL | 5 [ Tar | 3
: ; ; e T ’mgéﬁ"“" imara ==
combination of VBF, VH, gg->Hj 071500 2000 2500 3000 3500 4000

assuming SM production cross sections

m; [GeV]
Run 1 limits @ 95% CL

@3) < 28 (exp. 31)%

T — No hints for invisible
<36 (exp. 32)% Higgs boson decays

T

EXPERIMENT
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Interpretation of Limits on BR(H->invisible)

p 7% ¥
-, -
"

=
o
»

- -
-----
............
--------
........
-------
------
- -t
- - !
nnnnnnnnnn

—

o
A
>

lIIIIIIl 11 IIIIII|

ilIIIIl | | I A

W 10 107 10°
DM mass [GeV]
D r-..-r‘i

H Limits stronger than from direct searches
for Mgy < 20 (5) GeV for fermionic (scalar) DM

v M under certain assumptions 31

|_|10_39= I T ] T TTT T T I T TTT i | ] ' TTTH .

X = X ' fows 5 Direct search
é S [ \ . = _.._1CMS E
= - \ 497 (7TeV) + 1977 (8TeV) § DM D M
5 © - N\ o, +23f71(13 TeV) -
e A | €2 . ) |
8 S 10 e " : B(H—inv) <0.20 3
7 wn = -

42 | TeEey |
? % =g e =
o 9 i, R :
O O g4l Tyl Ve 90% CL limits :
= S ........ Nuc Q&L&S
®
T 310
2 2
Q.

L107*°

3 =
£ 0
=
Q.
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New Sources of CP-Violation in the HVV Vertex?

_ \/ 2
Ansatz: L= ESM ) ECPOdd r 2MV g,uu 4
Strength of CP-violation: \.p H v
- modified tensor structure LN et re le pr2
and kinematics k4

HVV-vertex accessible in:
a) decay H>VV b) VBF, qq—=>Hqq c) Higgs-Strahlung V->VH

A4 v {\/
H '_‘“( L H V%
ANV v H

Optimal observables combine information from multidim. phase space in two scalars

00, — 2Re(MsmMEp odd) 00, — IMcpoddl?
(Maar|? 27 TMsm)?

CP-odd, sensitive to small A-p
Acp 7 0 2 <O0,>#0, asymmetry

CP-even, sensitive to larger Aq-p
32



Investigating the CP-Structure of HVV Vertex

(8TeV): VBF, H> 1t New %% (Run-2): VBF, H>VWV in gg->H, VBF, VH

. C 30 o — L A B S CMS Fraliminary 3501 (13 Tev) CMS Pretiminary 359 fb™ (13 TeV]
§ [ TiepTiep Signal Region ATLAS 1 c'D') [ , dbsgw'ed' ' N . O'bsewed ' '
@ g is=8Tev, 203" Ry @0 S | ol SM Dg>0.5 - (o] — total SM Dyig > 0.5
§ 5 . ggH/VH ‘“m‘* 15|~ [ ] VBF+VH SM n | [JVBF+VH SM
i = RN 2 [ total f, =+0.5 | oo total f, =1
C +single-top Py \ _4d 7 F oL TIVBRFAVHE, A1
20 o emop T I VBF+YH f,=+05 1 M ied L
Hl Others 4 L L |:|ZZ.’Z‘{ | L l:l 14 -
C 2o oo Uncert. ] 10 [ Z+X | B Z+X
15 ] I |
10k .
5- _
» ) i
0
-10 o 10

0.2 0.4 0.6 08 1

7 dim. phase space - OO, 8 to 13 dim. phase space - ~ 00, & OO,

LI L AL L L L L L L R LI LB L B
ATLAS, H_’Wl Run 1 | No hints for CP-violation

CMS, H—VV Run 1
| - |

CMS, H—+VV, gg—+h,VBF,VH Run2

ATLAS, VBF H—=tt Run1i B 95 % CL

68 % CL

VBF, H=> tt most sensitive
But no sensitivity yet to 95% CL limits

expected

Acp 33




Conclusions

The observed Higgs boson seems to be quite SM-like
Ax ~10 to 20 %, but deviations may be at (sub) percent level

Knowledge today larger and more precise than we had dreamt of
Interpretation in terms of Effective Field Theories etc. has started

Our hope: maybe Higgs boson “telescope” to New Physics?

Only = 1/100 of expected full LHC data set collected and analysed.
Hopefully surprises in the next years or decades

_________ i
I 150 fbt : i ot :
1 1034 2c-1 I 3000
i0>~(;r3 S : _ Phasel : 2x103%4 cm-2s-1 1 Phase 2 : 34 51 i
L-H ________ 1 d .l <“*>N80 : : L: 7.5 Xlo cm—-Ss :
U race | % = o o on o e - ~
13-14 TeV PR 14 TeV Upgrade l_<Ll> 2_09 e
) ---g ------
run 2 run 3 14 TeV

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026
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H>WW=lv lv in Run-2

BR(H>WW=Ivlv)=1.02% - most abundant among discovery channels

Longitudinal View

but very challenging:

= nNo mass reconstruction possible

* in particular for gg>H
background control requires a
lot of work and input from theory

TLAS

CMSPrehmmary L=2 3ffb (13 TeV)

’ £ 8000 smpy | miFake

g e NS 1§ o e

~ ATLAS Preliminary 0% SO 4 o - mvw -zl
& H— WW — autie =L\FW |Sther Higgs ' spof 245y E
agF VEBF 400:_ =

Data/Expected

== ' = ! [GeV]
08 -06 -04 02 0 02 04 06 08 1
BDT score



Application: Constraining MCHM Parameters

In minimal composite Higgs models (MCHM)
common reduction of coupling strength

__ .2, /2 fcompositeness
é: =V /f scale

MCHM4 Kk=«ky =kp = /1 =& MCHM5 kv = y1—-¢&

1-2¢
1-¢

KF

L 1.8_| T T T T | T T T T T T T T T T T T T T T T
- ATLAS

1.6 Vs=7TeV, 45-4.7f"

. Ys=8TeV, 20.3fb™

=
-
-

-
-
- - - -

+ SM
— Obs. 68% CL — Exp. 68% CL
== Obs. 95% CL - - Exp. 95% CL

X Best fit

95% CL limits on f

Model Lower limit on f
Obs. Exp.
MCHM4 | 710 GeV 510 GeV
MCHMS | 780 GeV 600 GeV

Rule of thumb for deviations

II|III|III|III|III|III|IIlllllr

1 Te\/)2

B g(f)/SM=1+(3—9)%.( :
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Application: Constraining hMSSM Parameter Space

tan 3

W A
o o

10

RN W ko

1

200

Simplified Minimal Supersymmetric extension of the SM hMSSM

. Obs., h couplings [icy, Ky, K] [ Obs., H— ZZ— 41, Il qq/bb/vv

....... Exp. T e
e [EZ33] Obs., H—> WW- Iv qq/lv
[ | """" Exp.
"""" Exp.
Obs.. H*
Obs., A— Zh— ll/vv bb L | Ex: .
"""" Exp.
e T § T | H
| e
ATLAS -

I1s=7 TeV, 45-4.7fb" 7
1s=8 TeV, 19.5-20.3 fb'-

-
-
-
.....
-------

450 500
m, [GeV]

250

Standard Model
Prediction

Higgs
Boson

MSSM Higgs Boson Predictions

A

Coupling for light h
changed w.r.t. to SM

Rule of thumb for deviations

400 GeV )2
m4

g(r)/SM =1+ 10% (

Exclusion from couplings complimentary to direct searches for H, A, H*
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Does the Higgs Boson Decay to a Pair of b-Quarks?

Overview of u determination (G. Gaycken)

CMS VBEH — bb 8 + 13 TeV +1.2 ;
_>[CMS-I’A;+-_H1G-16-§U3] 1353 — ///// <34

ATLAS VBFy H — bb 13 TeV gt < 4.0

[ATLAS-CONF-2016-063]

ATLAS VH H — bb 13 T LR :
SV [ATL?@EM%JX 021050 |——s— ! %\\\\\ <12

ATLAS+CMS H—sbb 7+8 TeV 0.7+029 :
\\\ <44

[THEP08(2016)045] —0.27

ATLASVBFH — bb8TeV | _5g 193

[JHEP 11 (2016) 112]

CMSVHH —bb7+8TeV| 10405 . , 1.89
[I’hys' Rev. D 89, 012003 (2014)] R : ’
ATLASVHH - bb7+8TeV| ner 1y - N
- []HEP[}TQUIS)?G‘)] 0.52+04 : &\k\\\\\\\\ <14
0O 05 1 15 2 3 57
(L

» Still no evidence for H=>bb
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New Sources of CP-Violation in the HVV Vertex?

CMS Fretiminary 359 1fb' (13 TeV)
— L L L L EL L I -l L L
Z 2.2 ATLAS —*— Combined (Obs.) = < v — Observed,¢ =0oraz
T of is=8Tev, 2031 O T Thaa (005 - 3 ¥ i
1 8;— Fit to Optimal Observable ::- E:’;:ﬁ:b;i 0. 4ot 55 _i " oo l‘\‘-. ....... Expected, ¢_ =0or m
1.6- -
1'4::': ~ e _;
120 ey efeen La,
3 T
0.8;— . _; 10
0.6 3
0.4 ™ CE
0.2 3 2 -
ot T T L R
0.4 0.2 0 0.2 0.4 03
d
Exp. Data Channel 68% CL obs 95% CL obs
CMS  Run-1 H>WV [0.91.1] ([-1.91.9]) [-2.2,2.3] ([-4.0,4.0])
ATLAS Run-1 H->VWV [-2.2,0.3] ([-2.3,2.3])
ATLAS 8TeV VBF H>1t [-0.05,0.11] ([-0.08,0.08]) Not sensitiv
CMS Run-2 H>VVVBFVH [-1.0,0.8] (-0.3,03]) [-2.3,3.6](-1.8,1.8])
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Tripe Higgs-Coupling / Higgs Boson Pair Production

Limits (exp.) on o(gg—>HH)/o(gg—>HH)gy, at 95% CL assuming SM for BR(H->xx)

4
rarer

bb Ww g9 w

bbbb bbWW | bbrr bbyy WWhyy comb.
ATLAS | Run1 63 (63) - 160 (130) | 220 (110) | 1150 (680) | 70 (48)
Run2 | 29(38)| - - 117 (161)| 747 (386)| -
CMS | Run1 53 (84)| 74
Run2 79 (89) 28 (25) PERED)! - -
bb
BR HH—xxyy
(my = 125 GeV)
gg
107
107
27
— 107°
vy 10.26%| 0.1% .
LJ|LJ| 1 | 107
¥
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Limits on some Rare, LFV, Invisible Decay Modes
H-> (95% CL limits (exp)) ATLAS

Non universal coupling to leptons.

H->J/Wy: test coupling to charm quark  SM: BR= 2.9+0.2 x 10
H->¢y :test coupling to strange quark SM: BR=2.3+0.1 x 106
Lepton flavour violation (LFV): 2.3c excess at CMS H->tu in Run1




Search for H> Quarkonia (qq) + Photon

H->¢y :test coupling to strange quark H->J/Wy: test coupling to charm quark
SM: BR=2.3+0.1 x 10 SM: BR=2.9+0.2 x 10
Limit 95% 1.4 x 103 (exp 1.5) x 10-3 Limit 95% 1.5 x 103 (exp 1.2) x 10-3
> L L L L L B L B > 24f =
Q B | o -
G 120/ ATLAS ] G 22 ATLAS
5 - (s=13 TeV, 2.7 fb . <t - .
2 ool + Da B > 20 [s=8 TeV [Ldt=19.2fb"
Lﬁ B \ Background Fit +1o ] 'E 18 ¢ Data
L [ Background - (,]>_) —— S+B Fit
80—~ [ B(H-om)=10° " m 16 [ Background
- [ B@z—¢y)=10° ] 14 [H [B=10'3]
60 :— —: 12 []z[B=107
40__ _ 10
N . 8
201 ‘ " 6
= 25 A ‘ * o : 4
% 15— . ' + 2
8 0 Wi, Wﬁ 0 __A
O 850 700 150 200 250 300 40 80 120 160 200
My [GEV] m,., [GeV]

No hints for decays to quarkonia

Limits ~ 500 x SM prediction 43




Total Width in Kappa-Framework

Almost model independent limits on width not useful for coupling analysis
Additional assumption needed to extract coupling modifiers

1) No BSM decays: BRgg =0 -2 total width function of «; to SM particles

N 2 - SM 0.57 - k2 + 022 - k5, +0.09 - i+
I =k (K) - T b W 8
H(K) =« (K) - T ki~ +0.06-k5+0.03- k5 +0.03 -+
+0.0023 - &5 + 0.0016 - k5., +
+0.0001 - k; + 0.00022 - «;

=2

2) Upper limit on coupling of W and Z: x,<1 = upper limit on width total width

2
Additional fit parameter BRggy, Iy = rH BSM = invisible and
1 - BRBSM undetectable (e.g. H>cc)
2 2 < 2 2
3) On-shell and off-shell kappas the same X, on-shell * Kvion-shell = Ky.off-shell * Kv,off-shell
dogg -2z kg(Mzy)*ry(Myy)?
dM 7 7 (M? _ MZ) I M? FZ Upper Limit ATLAS CMS

onT,.[MeV] obs exp obs exp

'y Uon shell/Tof f—shell _ Hof f—shell
AT = =
L7

227 330 22 33

on Shell/aoff—shell Hon—shell W



Total Width in Kappa-Framework

Total width: f

- scales all observed event rates : O-i(’?) - I (’?)
ot > H—>f)= @

H

- lower limit from observed event rates

Upper limit on total width from Breit-Wigner line shape

19.7 1" {8 TeV) + 5.1 b {7 Tel)

E =10t ows R 10 . 19]_7m" (8 Te\l.f}+|5.1lfb"l{? Tev)
s Tyot ATLAS  CMS
. ' [GeV] obs exp obs exp
6
5 H>vyy 50 6.2 2.4 3.1
4_
H>zzZ 26 62u=1 34 2.8
§ 1 3.5 Mobs 1.7 2.3
""""""""""" i k H':2 b 4'd‘ch G Vf‘
0o 110 120 130 140 150 180 170 180 IggS QsSon wi e .
My, (GeV) CMS combined: 1.7 (2.3 exp.) GeV
Lower limit from flight path in H>ZZ->4| Limit ~ 500 times SM value
CMS 19.7 78 Tov) + 5.1 b (7 Tev) i _CMS: S A .| ALUES AL . SAL
g. 8__ -I Olbserl\red T T F i 18:— — Observed g
g b [ SM signal o 161
— T om, =100 um 7 Expected SM
% 6" I ag4bro. B na E
Hlg=to ” A 1 1,< 1.9x10™3s Ty> 3.5x10° MeV
N 10 x SM value

cTy (um) 45



