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125 GeV Higgs Properties Quarks

‘Mass

*Spin/CP

*Width and lifetime
Differential cross sections
*Higgs couplings

‘Beyond the SM

*High mass searches
*Implications of BSM Higgs
physics from couplings Leptons
*Exotic decays

*Conclusions and Outlook



INTRODUCTION

19.7 fb™ (8 TeV)

.........

%1 ool Barrel higH R, | | 1 Barrellow Ry ]
*First Run 1 Higgs results with full dataset ;o2 M
were first presented in March of 2013 §OQQ;W: ;
1005; | | | ~ 1 Endoaplowg, [
*In the last two years, detectors were re- 1 ! % 1
calibrated, reconstruction and analysis — ] % e caaMG |
' : 0995~ | Endcap high R e -
techniques were improved, and the data (EndeaphighB, [ T | depdaamc
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were re-analyzed E, or Hy2 (GeV)

Error band scaled to get x?/dof =1
CMS Photon Performance: CERN-PH-EP-2015-006

*The final Run 1 results are in general significantly better than those
presented in early 2013

Legacy papers on couplings and spin CP by CMS were submitted a
few months ago: Phys. Rev. D. 92.012004., Eur. Phys. J. C (2015) 75-212

Final results on Higgs spin CP and couplings from ATLAS recently
submitted: arxiv:507.04548, arxiv:1506.05669



SM HIGGS BOSON PHYSICS

A comprehensive program to test the SM
Higgs hypothesis:

*Precision mass measurements
*‘Measurement of couplings

*Main production modes
*ggH, WH, ZH, VBF, ttH
*Main decay modes:
vv, WW, ZZ, tt, bb

*Rare Decay modes:
‘un, Zy, Jhp y
*Rare production modes:
tH, hh, bbH
*Spin and CP-mixing properties
*Width
*Direct, off-shell couplings,
Interference, lifetime

*Fiducial and differential measurements




HIGGS MASS

The SM does not predict the Higgs
boson mass: we need to measure it

Given a mass, we can make
predictions” for the production cross
section and decay rates

Higgs mass measurements (GeV):

ATLAS: 12536 +0.37 (stat) +=0.18 (syst)

CMS: [125.02 £0.27 (stat) =0.15 (syst) O°""124 1245 125 1255 126 1265 127
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LHC combination:
125.09 +0.21 (stat) =0.11 (syst)

m,, [GeV]

Precision measurement: <0.2%

*a lot of progress by theory community,
LHCXSWG. Improvements continue...



Impact of Higgs Mass Measurement on

Electroweak Fits
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Higgs Production at the LHC

) agF process g§TeV 13 TeV
ggF  gluon-gluon fusion 19 pb 44 pb
T H VBF  vector-boson fusion 1.6pb  3.7pb
g = { b, etc...

VH associated production 1.1 pb 2.2 pb
ttH associated production 0.13pb 0.51 pb
tH Associated production ~20 fb ~90 fb

SM Production Modes
(M, =125 GeV)

W/Z(*) o=

Q|



HIGGS DECAYS

‘At m, = 125 GeV, many decay
channels can be studied

E" 10; | | I I I | I I I ; g
8 E \s =8TeV ¢
B L g
& . — | §
x  VEBF HA in W= Tl 2
© S WH 4 Fvbb WW — VIV
10'E / ’ 77 5 I'lqg 2
Z2Z > Tvw 3
1025 ZZ > [T |
10°E lehZ Iul by NN\ \_f
\Y = v;,v“,vt 5
q F udscb
10.4 TR N M TN M (. O (RN . "N NN MY kot TV
100 150 200 250

M, [GeV]

SM Decay Modes
(M, = 125.1 GeV)

Process Br

bb 0.58

WW 0.22
TT 0.06
L 0.027
VY 0.0023
Zy 0.0016
uu 0.0002




Main Production and Decays

Analyses performed by either ATLAS or CMS targeting
specific production and decay modes

WW L7 Yy bb TT

ggH X X X X
VBF X X X X X
WH X X X X X
ZH X X X X X

ttH X X X X X
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DECAYS TO FERMIONS (TT)

Significance obs. (exp.)

TT

S / (S+B) Weighted dN/dm_ [1/GeV]

1500
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o
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Entries / 0.25

DECAYS TO FERMIONS (bD)

Significance obs. (exp.)

CMS(VH+VBF*+ttH): | | Tevatron(VH)**: ATLAS(VH+ttH):
2.6 (27) 0 .22 (1.4) ¢ - 1.8 (2.8) ¢

10" == CMS ® Data > —o—IDaia 012 ]
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*NEW! arXiv:1506.01010 **my estimate from: Phys. Rev. D 88, 052014 (2013)



itH Associated Production

Test Yukawa coupling of the top quark (large!

_ — .  ATLAS
— - -1
~1.0 in the SM) stat. x/?—BTeV,2O.?Ifb(H)
2007nq | | 2.8 7 3
: . . o
Production cross section is small (<1% of ggH) N L
r f——eo— 2.8 73 (-1.7%’
but spectacular final state 2tr, | o4 0934 132
40t ——o 1 1.8 355 (58
Very large top background... e
10270 f@ : : -9.6 57 (231
CMS Is=7TeV,5.0-5.1fb" {s=8TeV, 19.3-19.7 fb"’ i
Combinedf le 4 2.1 12 {19)1
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lllllllllllllllllll[l lllllllllllllllll
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CMS:u=28+/-1.0 0z 4 & 8 o
ATLAS M — 1 8 +/_ 08 Best fit u:cs/csSM for m =125 GeV




itH Associated Production

Test Yukawa coupling of the top quark (~1.0 in

the SM)

Production cross section is small (<1% of ggH)

but spectacular final state
Very large top background...

CMS Is=7TeV,5.05.1fb" (s=8TeV, 19.319.7 fb"
e s
bb [~ ——
ThTh'_ .
4 —
3l -l
Same-Sign 2| |~ ——
Combination — -
P EFEPETS EPUPE EFUPETEN EPRPENT B A RPN APUETE AR AR
10 -8 -6 -4 2 0 2 4 6 8 10

Best fit /o, at m, = 125.6 GeV

CMS:u=28+/-1.0
ATLAS: u=18+/-0.8

Combination of signal strengths:

—_— ot ATLAS
—  stat. Vs =8TeV, 20.3 fb!
fot, (stat) |
260704 e 2.8 773 (13
3¢ oy 2.8 72 (20
20114 1 | 0.9 3¢ (72
4} j——e 1 1838 {20)
10274 9.6 37 {231
Combined} [—e—H 2.1 17 (g1
40 8 6 4 2 0 2z 4 6 8 10 1z 14

Best fit u(ttH) = o/og), for my = 125 GeV

L L L L B
- — tot. ATLAS 1s=8TeV,20.3fb"

Stal. §H (Hobb)  (tot) (stat)
Dilepton — —_———y 28 +20 (14) _
Lepton+jets |-  p=—o—— 1.2+1.3 (0.8) —
Combination—  k=—e—=i 15+11 (07) 7

1 | 1 1 | 1 1 1 I 1 1 1 | 1 1 1 | 1 1 1 I 1

0 2 4 6 8 10

Best fit u=6/c__ for m =125 GeV
SM H



STATUS OF SM RARE DECAYS

Searches for rare decays Process T
performed in various channels (times SM)
Observation of these decays in uu (ATLAS) 7.0
Run 1 would signal BSM uw (CMS) 7 4
physics 7y (ATLAS) 11
Non-universal coupling of Higgs Zy (CMS) 9
to leptons: vk (CMS) 7 7

‘un signal would be 280 times

larger than SM if u coupling was Jhpy (ATLAS) 540

equal to that of t Jhpy (CMS) 540

ee(CMS) 10°




SPIN/CP HYPOTHESES TESTS

Tests of Spin/CP properties WW spin information from kinematic variables
performed in ZZ, yy, WW o T s
Channels go 25:_ \E=8T€V, 203]‘b1 _jpz2+,k -k
% H—>WWn=0eun SF= *,kZ=O.5,kq=1
ZZ: full kinematic information available for < 02 JS=2"k, =1,k =0

spin/CP determination

nglllllllllllllllllll
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FIXED SPIN AND PARITY TESTS

Test alternative fixed spin and parity hypotheses
relative to the SM 0+ hypothesis

Results favour the spin 0* hypothesis

Alternatives: 0-, 1-, 1+, various spin 2 models are
typically excluded at > 99.9% CL

Large anomalous couplings are excluded. Next
step: look for presence of smaller contributions

120 CMS | | X =77 + WW 19.7 fb' (8 TeV) + 5.1 fo™' (7 TeV)
o - - Observed - Expected ]
:I 100 o +1o WS+
o C 0"+ 20 mJS +20
- 80 0" + 3¢ P +30 :
£ 60f .
X 40 ]
of PRletpprbphib b
ik it
40 | B
-60 .
. y +8 +2 +2 + 2 +o0 +2 +5 .= . 2 .E +E8 +8 +2 +2 +o0 +2 +5 = . 2 .%
— — N (o NN o\ IEEN o\ NN o\ I o\ BN o\ BEEN o\ BN o\ (@] C\l [o\ NN o\ I o\ HEEN o\ BENN o\ I o\ NN o\ I o\ |

qg gg production qq production

40F
30F

tEtr

-20F
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20
10

L(J SM”ngM JgM)

L( t,ﬂjzt’e‘jzﬁt)

Also Tevatron results:
PRL 114, 151802 (2015)

ATLAS
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------- Expected
B 0°'SMzt1ic
BN 0"SMt2c
[ ]0"SM*3¢c
[ IEERE
I J 20
[ ]1J°+306

H— ZZ* — 4]
ls=7TeV, 451"
/s =8TeV, 20.3 fo'

H—> WW* - evuv
/s =8 TeV, 20.3 fb'

H— vy

ls=7TeV, 451"

/s =8TeV, 20.3 o'

ARE

JP=0; JP=0" JP

2+JF’2+
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K= Kq=2Kg
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CP MIXING RESULTS

Probe potential CP-mixing and tensor structure of Higgs interactions
Amplitude describing interaction between a spin 0 and two spin 1 particles:

K +K * * 7
AHVV) ~ la]¥ + = TR M1 €169, + 4 fm f (2). v +t1¥me f @)

(AYV)?
——

SM

BSM CP-even BSM CP-odd

ATLAS: different formulation (see backup),

but results can be compared

No significant contributions from BSM
terms are observed (yet...)

BSM CP-even (95% CL)
CMS far cos(¢pa2) €[—0.11,0.17]
ATLAS fao < 0.12 for @0 = 0

fa2 < 0.16 for @0 =7
BSM CP-odd (95% CL) !
CMS faz cos(¢a3) € [—0.27,0.28] '

ATLAS fu3 < 0.090 for ¢, = 0
faz < 041 for ¢p,3 =7 y




DIFFERENTIAL CROSS SECTIONS (ATLAS)

SM Higgs theory predictions for kinematics: combination of yy and ZZ
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DIFFERENTIAL CROSS

EFT papers:
JHEP 07(2015) 035
SECTIONS AND EFT JHEP 06(2007) 045

- Study tensor structure and strength of

. . . . ES _"I""l""l"_1"l"'ill"_
Higgs interactions in the context of an S o4l PPHT Y (5=8TeV, 20317 ATLAS Preliminary
Effective Field Theory framework of I B

. . . i N ]

- Use Strongly Interacting Light Higgs : {///J A :

(SILH) formulation: o N | i E

- N | i
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WIDTH AND LIFETIME

Higgs width measurements at LHC.:

| SM width (m,=125.1 GeV): 4.1 MeV

*Direct (limit at 95% CL obs. (exp.))
*CMS (yy +Z2): 1.7 (2.3) GeV
*ATLAS:
ZZ:2.6 (6.2) GeV
*vv: 5.0 (6.2) GeV

*Via off-shell couplings:

Direct measurement of Off Shell
couplings (independent of width)

*Measure width assuming SM running (or
measure running assuming width)

re ru .
ASSUMING™ Wogrsher = Monshell

-CMS: 22 (33) MeV (95%CL)
“ATLAS: 23 (33) MeV (95%CL)

at HL-LHC*:

[=4.1%7 Mev

*Interference in yy (signal — continuum)
*Expected mass shift ~50 MeV (ATL-PHYS-
PUB-2013-014)

*No assumptions but small effect

Lifetime

do/dm,, [fb/GeV]

From LHCXSWG

—
Q

—h
Q
N

—
Q
W

—
Q
N

—
o
()}

10°

* ATL-PHYS-PUB-2013-014

]

: ATLAS Simulation

‘ T T T T T T T ‘ T T T
Vs =8TeV
88 — ZZ — 2¢2u
— gg— H* — ZZ(S)
------ 99> 22 (B)

— - gg— (H—) 2Z

---gg= (H=)ZZ(u,  =10)

off-shell

200

77 tt

400
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m,, [GeV]
J

600

Far Off S'hell domain



WIDTH: LIFETIME AND OFF-SHELL COUPLINGS

(CMS)

| SM lifetime (m,,= 125 GeV): 1.6x107 fs |

Events / 40 um

8

19.7 fo' (8 TeV) + 5.1 fb™ (7 TeV)

Measure flight distance in the detector
using H->ZZ->4l| channel
t(H) <190 fs at 95% CL
I'(H) > 3.9 x10° MeV

CMS

Z+X

-500

| LN T I T T T I T 1

_ ¢ Observed
- [ ] SMsignal
- er-100um
- [ 994/ bkg.
[ ] qg—4/bkg.

s

I

IJ

[_]

1 1 1 | | | | | 1 1 | | 1 | |

500
CAt (um)

CMS 19.7 fb" (8 TeV) + 5.1 fo' (7 TeV)
_I i T T T | T T T | T T T ‘ T T T | T T T | T T T | ]
£ - Observed, fAQcos(q>AO) unconstrained 1
cﬁ ool --- Expected, fA Qcos(cpAQ) unconstrained ~
) L =
o Observed, f AQ=0

sl Expected, f =0 ]
10 B /’./'/ _]
5 I P 95% CL
e e 68%CL |

0 it | | L | T
0 20 40 60 80 100 120
I, (MeV)

Enhancement of off-shell production possible
through anomalous HVV couplings:

2 2 2
iAo (gv1 + qv2) ida (9v1 + 0v2) 2 % _*
€ 4 3 — € N ?71\,.-&\.-16\.-2
(Ag) (A1)

+(12f;£1)f*(2),}w 4+ asf;il)f*(2),}“/ )
Width derived with/without profiling of cross
section fraction: B miy/ /\33

AQ Y
fag |a1|? + miy/ A

AHVV) « |a, —




CMS 49" (7 TeV) + 19.4 b (8 TeV)
_]IIII|IIII]IIII]IIII|II_

COMBINATION OF SIGNAL 2 frome  Wwmmew o sow
‘g 1000 . W"/‘_') B Dv+iets en 0/1-jet |
STRENGTHS 3 o ;W
‘We measure event yields n,,and we 3 :sL
need to extract signal yields n, ? |

d subtract backgrour B sann e == ~DONE

Estimate
50 100 150 200 250
s = nevt o m; [GeV]
. . ATLAS Simulation H—ZZ* - 4]
*Production mode categorie are mic125GeV  110.<my[GeV] < 140

W ggF + bbH

mVBF \XWH mZ

H mttH

contaminated by other signal pro

Inclusive

*Global fit to all categories can take into VB enriche
account all contributions and correlations ,...come eniene

VH-leptonic enriched

We extract the signal strength W : ratio of
the observed yield to the SM prediction

ggF enriched

Signal Composition (%)
n o = EP[MPHZR |x (0" x Bri)g, x AY x €5 x Lumi
pe(ggF,VBF,VH ,ttH) i€ (yy,ZZ,WW ,bb,17)



SIGNAL STRENGTH FOR PRODUCTION MODES

Obtain production signal strengths assuming SM ratios for
branching ratios

19.7 b7 (8 TeV) + 5.1 fb' (7 TeV)

CMS = 68% CL
ATLAS = 95% CL
68% CL: weeiemm \/S=7TeV,45-4.7f"
95% CL: Vs=8TeV,20.3tb" +0.19 ;
T e HggH=O-85-o.16 —_”-
0.23 :
MggF = 1.23%07%0 5 857
: Boee = 11675, | —i——
Myer = 1.23+0.32 —:*—
My =0.80+0.36 ——I——— uVH = 0.92_*8'.22 —-.-—
ul'[H= 181 -|_- 080 —é—*— '
: _ 1.08 .
PR T S S T TR S T i RN T SR T .I:n{_’ I_|1|2|5:316|(3|e|\/| “ﬁH=290T094 E
0 0.5 1 1.5 2 2.5 3 R T T T e
Signal strength (u) 0 1 2 3 4 5 6

Parameter value



SIGNAL STRENGTH FOR DECAY MODES

ATLAS —olstat)  Total yncertainty
. ys inc. -1 1
M, = 12536 GeV T P y 19.7 10" (8 TeV) + 5.1 6" (7 TeV)

(theory) B
i T yz = Combined CMS m, =125 GeV

u=1.00+0.14
= 0.96

H % ,Y’Y +0.16
_ +0.28 |-o0.11 ' :
ey 523 R W s

+0.35

H - zzZ* 5 Ao
: I
1=

i psm

H — yy tagged
n=1.12+0.24

+0.19

= 1.46"04010%

——1
—
—

-0.34 |-o0.11
+0.16

H — Ww* ; 2

—|
W= 118702 | 0 5 T H— ZZ tagged
~0.21 1 oce 3'_ A u=1.00£0.29
H- -0 : : :
B 10.42 | 0% :
M_1'44—0.37‘8113 AT R I

an

L H— WW tagged
H - bb o e 5 i =0.83+ 0.21

+0.24 . :
0.23 . i

W= 063t823 50.09 | HH i .
H- up T s S S— H — 1t tagged
+3.7 Y i p=0.91t0.28
].L='0.7 " |ioa . : .
-3.7 |-04 A P } L

H -2y B § H — bb tagged

+4.6 |-13 : Bl .
n=277200 I R nw=0.84+0.44 . I
1 1 1 | I 1 1 | 1 | | | 1 l 1 | 1 1

Combined 5 T 0 0.5 1 1.5
w=1.180") 5 . Best fit o/0

+0.08

70-14’0-07....i....;q...i....
|

2
M

_1' N I()I o 1| N |2 3 ATLAS: individual n values from combination of
channels
CMS: individual n values from tagged analyses

\s=7TeV, 45-4.7 fo’
\s =8 TeV, 20.3 fb” Signal strength (u)



COUPLINGS FRAMEWORK

b

Y, : b yukawa

b
assuming no BSM particles in the loops

_ K2 x1.06xk>-007xk Kk, +0.01 x k2
Vo! =Ky Yo ‘ , o b

K, «1.6xK, —0.7 xKK, +0.1xK;

-“k framework”: interpret signal strength parameters (u, wgg) in
terms of modifiers to the SM couplings:

-Decay: ri — Ki2 riSM Agsumptlong (see LHCXSWG YRB3):
_ 5 _SM *Only one Higgs
*Production: 0, = K;* O; *SM production and decay kinematics
Width: I'y, = X Ki2 I‘iSI\/I *Tensor structure is that of SM
0+ scalar

Narrow resonance



COUPLING TO FERMIONS AND BOSONS

Test gauge vs Yukawa couplings

*Assumptions:

Common scaling factor for fermions
and gauge bosons:
*Ke and x,
‘No BSM contributions to width
*No BSM contributions to loops

*Interference in vy, tH, gg->ZH
can resolve relative sign between
Keand Ky

*Results compatible with SM

L

¥

4
3
2
1
0

— Vs=7TeV,4.54.71"
- Vs=8TeV,20.3 "
— m, = 125.36 GeV

L L LA B L A B N i
- ATLAS \

25
-3 % sm — 68% CL * ::bb .
4E| TlBe?tflnl |---|95|0/°|C||-| 1 | I | | 11 |qclzomb| |d|E
7 04 06 08 1 12 14 16 1.8
Ky
5 CMS 19.7 fo' (8 TeV) + 5.1 fb™' (7 TeV)
o + Observed| o &
¢ SM Higgs | 2
1
0
I [
-2
0



COUPLINGS WITH SM PARTICLE CONTENT

“Absolute couplings”. Assumptions:

*No contributions to width from BSM patrticles
*No contributions to loops from BSM particles

+0.14
Ky = 0.95 (43

_ +0.16
Kz = 1 '05- 0.16

+0.19
K =081 .

+0.33
K, = 0.74 P

+0.19
K, = 0.84"01°

CMS ™ 68% CL
w=95% CL
+.
L}
*:
_*'—
+:
K“ < 1.87 pr————
1 1 1 1 l 1 1 1 1 1 1 1 1 I 1 1 1 1 l 1 1

19.7 107 (8 TeV) + 5.1 f5' (7 TeV)

0

> 25
Parameter value

Ky=0.91+0.14
K7€ [-1.06,-0.82]
U[0.84,1.12]
Ki=0.94+0.21

K, € [-0.90, -0.33]
U[0.28, 0.96]

ke € [-1.22,-0.80]
U[0.80, 1.22]

(95%CL) |k, <2.28

-2 -15 -1 -05 0 05 1

ATLAS

68% CL:
95% CL:

Vs=7TeV,45-4.7f0"
\/s=8TeV,20.3fb™

my = 125.36 GeV

1.5
Parameter value



UP/DOWN AND LEPTON QUARK COUPLINGS

-2 In A(kdu)

Check coupling ratios between up-type and down-type
fermions (left) and quarks and leptons (right)

*motivated by e.g. two Higgs doublet scenarios

300

9.7fb" (8 TeV) + 5.1 16" (7 Te
19.7 fo' (8 TeV) 116" (7 TeV)
I[I]IIIII

"""""" AR RERRE RS RERRE RARRE RERRE RERRN 10— |
© ATLAS uuyhgy] 1 =2 ]
[ \s=7TeV,4547f"  aean SM expected i £ oF CMS — Observed .
25__ \s=8TeV,20.3 b — Observed — <] }\‘Iq Kqs Ky ----Exp. for SM H -
N ] o 8F y :
20 4 7t s
- : 6F =
F E 5 E
10 = 4F E
- ] 3F E
5 — ol E
: . 1f
11 Il?v | IIIIIIlI ||||| | : P -
O 5 05 0 05 1 15 2 25 ob i INAL
0 0.5 1 1.5 2
}\'du }\«I




~

g
NEW PHYSICS IN LOOPS?
H()
Test for “heavy” BSM physics (BSM patrticles
> m/2) with possible contributions to ggH, g y
2

Hyy (and HZy) loops

2
: : : o -BR —H — Kg " Ky
-Assume no contributions to width from BSM (7 BR) (g8 m - X
. . osm(gg — H) - BRsm(H — vy) !
particles (discussed later)
*Assume SM couplings for known particles
18 19.7fo" (8 TeV) + 5.1 16" (7 TeV)
o 7T rrrT T
¥ ems ; ATLAS i vvasarn
1.6 ] 68%CL: wimm /5 =8TeV,20.3b™"
i ] 95% CL:
1.4 ] IIII
1.2 / _\‘ = K, =1.00+0.12 -
i / RN i o1s
1.0f | N Ko =1.12°01 T
- |#Observed| ™. SN/ ]
0.6[ [—68%CL | e . <] (95%CL) BR, , <0.27 :
- |--+95% CL i ’ R
0.4} |-99.7% CL = Ty o +0.13 ;
: 0 SM nggs : I—EIM - 1.03_0_03 h—i
ool T | | i ; my, = 125.36 GeV
' o b b b b b Ly
0.5 1.0 1.5 0 05 1 15 2 25 3

KY Parameter value



MosT GENERAL FIT

*No assumptions on particle content in loops

*No assumptions on BSM decay or Higgs width

Drawback: can only fit ratios

+0.14
Koz = 098755
+0.15
Myz = 0877415

0.36

0.22

sz = O'59?L0.23
0.17

}‘yz = O'93T0.14
+0.19
hz=0.790¢;

+0.54
7&19 =2.18 0.46

19.7fb' (8 TeV) + 5.1 fb' (7 TeV)

%

CMS - 68% CL
: w95% CL
'
—E—*—
[———
-
—*E—
: e oeele—
WS FEETY P P TS FETE P
O 05 1 15 2 2 3 3.5

Parameter value

ng= 1.18 +0.16

Azg=1.0970%5

AWZ c [—1 04, —081]
u[0.80, 1.06]

Ay €[-1.70,-1.07]
u[1.03,1.73]

Apz= 0.60 +0.27
Az =0.99'0%
(95%CL) A,7<2.3
Ayz=0.90 £0.15

(95°/o CI_) A(ZY)Z <3.2

ATLAS

\s=7TeV,45-4.7fb"

68% CL: === |/5-8TeV,20.3fb™

95% CL:

{ my=125.36GeV

0 1 2 3

Parameter value



BSM HIGGS PHYSICS

Does the Higgs sector extend beyond
the single doublet of the SM?

Different strategies:

1. Search for another Higgs boson

2. Search for exotic decays of the 125
Higgs

3. Use the 125 GeV Higgs as a tool to
find new physics

*Tag a Higgs in decay chains
‘Use SM Higgs measurements to
constrain BSM scenarios
(observed Higgs constrains BSM
parameter space)

g

/.




BSM HIGGS SEARCHES

A non-exhaustive list... Many of the searches below were performed in Run 1

H/A>(b)rr (LL,LH,HH) Hi>rvijets
e e
Higgs to H/A>(b)pp
Fermions
Exotics
decays with
MET, Dark-
Heyy TSR fEELlEn e
ignt Charged
Higgs
Neutral Heavy
Higgs to H>ZZ>liqq ggF H>INV (monojet).
Bosons
H+>tb (boosted)
H+>WZ>tb (lhqq, qqll)
H++
Exotics
ecays with no
(H>hhpybb ; th
Neutral H MET, Dark-
eut eavy sector /
Higgs to e NMSSM
Bosons, LFV/FCNC / H>Jlyy, Yy Inspired
oding light rare decays .7y, 7v bb
iggs v, (bb)a>(bb)rr>(bb)ep
H>¢y h>2a>4«

t>cH (various H+>-aW



BSM HIGGS SEARCHES

A non-exhaustive list... Many of the searches below were performed in Run 1

H/A>(b)rr (LL,LH,HH) Hi>rvijets
N e TS
Higgs to A HIA>(b)pp

Fermions

Evntirc

Run 1 Executive Summary:

Neutral Heavy

o No significant excess yet... "™

H++
Exotics
(H>)hh>yybb s
MET, Dark-
E\?mﬁ o LFV/FCNC / H>Jlyy, Yy Inspired
Higgs 9% fare decays ., 7y, 7y (bb)a->(bb)rr>(bb)ep
H>¢y h>2a>4r

t>cH (various H+>-aW



BSM HIGGS SEARCHES

A non-exhaustive list... Many of the searches below were performed in Run 1

HIA>(b)re (LLLH,HH)
N e TS
Higgs to A HIA>(b)pp

Fermions

Evntirc

Run 1 Executive Summary:

Neutral Heavy

o No significant excess yet... "™

Highlight a few recent results

Neutral Heavy
Higgs to
Bosons, LFV/FCNC/ H>Jlyy, Yy Inspired
Il!'\pludmg hght rare decays H>ZJlw. ZY
iggs v, (bb)a>(bb)rr>(bb)ep

H>¢y h>2a>4r
t>cH (various H+>-aW



HIGH MASS SEARCHES: WW/ZZ (CMS)

Search for a SM-like
Higgs boson decaying to
WW or ZZ final states:

‘"WW->|vlv
"WW->|vj|
o/ Z->l
o//->lltt
o//7->llvv
«//Z->llgq

«Search for electroweak
singlet
«C2+C2=1

*C: SM coupling
B...,: BR to non-SM

M
o

S

CMS pt05.11" (7 TeV) + up to 19.7 1™ (8 TeV)
3 I I 1 1 l 1 1 1 I 1 1 T I 1 1 T
- = Combined - - - Combined (exp. = 20) 3

- — H->WW —>2/2v—H > WW — /vqq

H—-2Z -2¢(2v —H—>2Z -4/
H—-2Z2Z - 2¢2c
H —2Z — 2/2q

95% CL limit on o/c

— Obs'erved ' ]
- --- Expected =~ -

- -]
—————
- -

.
-
-
-
-

-
— -
-
-
-
3

95% CL limit on o/og,,

—
<
\j

.................

-
-
-
-
-

-
-
-
-
-
-

H—>2Z |

.................

—
<

1 | 1 1 1 I 1 1 1 I 1 1 1 | 1 1
200 400 600 800

200 400 600 800 1000

m,, [GeV] m,, [GeV]
CMS upto 5.1 o™ (7 TeV) + upto 19.7 fb™ (8 TeV)
o —Obs., B, = 0.0 ---Exp., B, = 0.0 H
0.6 —Obs., Brey = 0.2 --.EXp., By =0.2 Q-
- —Obs., B,y =0.5 ---Exp., B,ey =0.5 i
04 :: ]
{i .
0.2y ]
._l' ]
0 200 300 500 600 700 1000

m, [GeV]



HiGH MASS SEARCHES: WW/ZZ (ATLAS)

5 17— 1T T 3
: : 2 - ATLAS Preliminary  — obs. s
High mass searches in N ) - Exp. ]
. = (e o _ -1 [@flo E
WW and ZZ final states T UF emeTevl-zoant BUS 5
T " ’
'WW'>|V|V % 1? ........ ggF production —§
’WW'>|ij g 107 ;— .................................... ]
o = T =
-7Z->lI ' )
- _
ZZ->llvv g 107°¢ E
.ZZ->”qq § 10—3_ T N N B
400 o600 800 1000 1200 1{&00\/]
m, [Ge
o . _"|""|"'*|""|'"'|""|""|""|""_H
Limits given for - ATLAS  —-lilexpected
s = 8 TeV, 20.3 b llgg+vvqq expected |

e llvv expected 3
------ Combined expected
—e— Combined observed |
M +16
E— E

—h
o
TT

narrow width signal

*No significant
deviations observed

......
B S~ .,
.,

. —

‘., ——

e N —— — ]
. - .y —_—

- % -y e, —

--------

- CE T
~
805 N -]
-----
-------
e
o

95% limit on o, 5 X BR(H=ZZ)[pb]
T

—
o
n

_ VBF

E H—ZZ U+ 1vv+ilgg+vvagq
| | | | | i

_I | | | - | - L1l | | Ll 11 L1l | L1l I_
200 300 400 500 600 700 800 9001000
my [GeV]




IR LR IR IR UL IR RIULLE LR LA
| ATLAS 5=8TeV, [Ldt=195-203f" 1
A = >TT CL OW/H [ G H M AS S) -MSSM mir°* scenario, M, o, =1 TeV. WH/A— v
Search for pseudoscalar (A) boson s it e R £
decaying to t leptons g0p T Y /&
-Sensitive in high tan(p) regime s N e
. 20F ¢ | i -
Searches performed at high and low mass - _mhmod..
Results interpreted in the context of SUSY w5 S DS P NN PDS SRR 1L
. .. : 100 200 300 400 500 600 700 800 900 1000
scenarios. Limits given on o x BR m, [GeV]
10 CMS - 197fb ® TeV) o 60 "CMSIPr?Iin:ina'ry, lll,H,'A—Tn,'IQ.zm;'(BITe\.I) +I4.9'fb':(7lliTeV)
% T, ETw BT R + (E):::;::: . £ [ |cLmssmsm<0.05: mhmod+
.T' [ 1=+ 1o Expected 50:- —— Observed .
% . - .[:] + 20 Expected’ A |- Expected :
1102 . E 401 B - 1o Expected ]
E
1] 30 -
o E ]
B 10t : 20 .
- * sgnY,=-sgnY, - L MSSM m, > scenario ]
sgnY, SM-like i i1 10k mUSSH < 1253 GeV ]
1= 0 60 80 200 400 600 800 1000

m, [GeV] m, [GeV]



A->ZH (CMS)

oIf Mg gy > 1TeV, low values of tan(f) can
accomodate mH = 125 GeV

*Decays A->ZH, H->hh can have sizable
branching ratios if m,, my <2my,,
Look at AZ->(ee,un)tr final states

A— Zh—lltt 19.7 b (8 TeV)
2ol L 19/ B K

—e— Observed
CMS

w
(3]

lite [ + 10 Expected
[ ]+ 20 Expected

250 300 350
m, (GeV)

ATLAS results with H->bb and Tt and CMS with bb

95% CL limit on o(ggA) x BR(A— Zh— /IT7) (fb)

0 |

dN/dm, (1/GeV)

dN/dm, (1/GeV)

19.7 b7 (8 TeV)

B 1 1 Ll I 1 Ll | I 1 1 1 iHl 1 Ll |

C — XA Ntt -

0.18 - CMS —&— Observed .

N Rare 7

0.6 eeps, = 22 £

N [] Reducible bkg. 7]

0.14F Bkg. uncertginty

C MSSM low tan§ scenario 3

012 m,= 300 GV, tans 2 -

0.10F ]

0.08 =

0.06 -

0.04F -

0.02F N
0.005— 800

m, (GeV)

19.7 b (8 TeV)

: ] ] l L] L] ] I _I_ISXAI ! L] ,t; L] :

. CMS —8— Observed .

012 [ Rare =

[ Muer, 2z ]

_ ] Reducible bkg. ]

010 [ Bkg. uncertainty —

B MSSM low tanf soenario :

n ’—\ m,= 300 GV, tanf= 2 -

0.08 - .

0_06 —_ _-

o0af -

0.02} -
0.00, 800




A->ZH, H->hh (CMS)

BSM scenarios:

Combination of two analyses (lltt,ttbb) performed in the context of two

*MSSM low tan(b)-> Mg gy consistent with m, =125 GeV
«2HDM (Type Il). Assume my=m,=my,,

MSSM low tanp scenarlo

95% CL Excluded:

[ ]observed [l = 1o Expected

Mass constraint:

.

RS

= 20 Expected
H—hh—bbt: + A=Zh—lkr  19.7 fb (8 TeV)
%4_0 = T T I T T T T I T T T ——
s  CMS
350 -
3.0f

Aang
5 X"
ERR
1 0 v h
-

2HDM type-ll, m, = m,, = 300 GeV

95% CL Excluded:
[ ]observed [l = 1o Expected

= 20 Expected

cos(p-a)



BSM CONSTRAINTS FROM ey, ATEAS Pretminary
COUPLINGS (ATLAS) e
. . 5 PO AN SR
Measurements of the discovered Higgs SN
boson can constrain parameters in various g§g§g§g | %g?&g?
BSM scenarios (asymmetry) Jotosesosed I edosedece
. BRI XIS
-Below: simplified SUSY model hMSSM 025X RHIIIA IERAIKR
RRRAARI K
10_1—1 —(I).8|—0.6H—0.4—|0.2I I0 I0.2I O.HO.G‘O.B‘ 1
cos(B-a)
2HDM Type | ATLAS Preliminary
g w @ 10 |

30 = B

20 T

i

10 2

S 1k

4 _

3 04"

2 0.3p

0.2p

%00

107"




INVISIBLE DECAYS: DIRECT SEARCHES

SM BR to invisible: 0.1% (ZZ->4v) 3 T = VBF Signal 25 bev, BR100%)
Weak vector boson fusion is the most - —OtrcrBackgrounds -
.y . S 2 = —— —@— Data 2012 _|
sensitive production mode i E :
q 10 &
1B
% O
g s
q 1 cor]
*Require E;Miss and VBF signature: 1921 @ TeV)
. . . 2200 CMS —4- Data
Large separation between jets in n £ 00E S Vi
-Large mij & 150 rem e
*Main backgrounds: 120 — Ly
Z(vv)+ets, W(lv)+jets 100RE ¢ Elgi):naé o
—gg— (X

*Results (95% CL) on BR:
*ATLAS: 28% (31% exp.)
‘CMS: 58 % (40% exp.) 2

*ATLAS combination with Z(ll)H and V(jj)H: E 5¢

o

i A
BR(inv) < 25% (27% exp.) at 95% CL O a0 a0 2002200240 2865 Zﬁm(é’%"\%




19.7 fb" (8 TeV)

LEPTON FLAVOUR VIOLATING

N e Data 7
60 ‘_CMS [] Bkgd. uncertainty  _]|
T . B smH ]
3 “+“' [ ]zt

DECAYS

Search for LFV violating Higgs decays to _ L

...... LFV Higgs, (B=0.84%) ]

30

S/(S+B) Weighted Events / 20 GeV

tu in hadronic T decays (CMS and
ATLAS) and leptonic t decays (CMS)
Some excess is observed: to be followed-up "}
In Run 2 2l o — R
BE o R o 3
1} emmmmeseste:
100 200M G \}300
CMS S [(“.T)C("[.e]
$ ° amas poimnay —ommias
I , Mz cijets(0SSS)
pe | 087106 0.81755% 0.057 535 2 moJieeenet B
ut, | 041712 0217103 1.48+116 2% e
' : ' O 15 -
Ut Tl
Ly
0.52
ATLAS P core
5 502—
-Best fit BR: 0.77 +/- 0.62 % 5 O
()

Limit: 1.85 % @ 95% CL (1.24% Exp.) »




CONCLUSIONS

*A lot of progress made since the discovery 3 years ago

*The measurements of the production and decay properties
of the Higgs boson are consistent with SM predictions

*The SM 0* hypothesis is preferred over all other tested
spin/parity alternatives (almost all excluded at > 95% CL)

*Coupling strengths consistent with SM
*No evidence of BSM physics in the scalar sector (yet...)

*Realization of Run 1 Higgs physics program made possible
thanks to outstanding performance of the LHC

*We have a very exciting and challenging Higgs physics
program for Run |l
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H

MoNoO-HIGGs (ATLAS) >C& X

Search for the production of

. . . . . s . > 77— -
invisible particles in association with § gD ATLAS E
a Higgs boson in H->yy channel £ _E .. Bestfit BSM Higgs'S=8 TeV-JLdt=203f"
Y C SM Higgs H+E"™  H—>y;,m,=125.4 GeV J
- 6 —— Background fif =
*Require: °F E
* pr(yy) > 70 GeV E . E
*E(Miss) > 90 GeV o s
e %
*Main SM background: T T R T BT B 1 RN -1
. . GeV
«ZH -> vvyy (irreducible) o mlGeV]
*WH '>|VYY (IOSt IeptOn) c;ﬁ : g:gsTeijdtzzo.sfb-' %3 % H D, H -
o 1042— H+E™ Hoy =
-Results interpreted in context of 2 10 _
suppression scale A for given EFT = e NN E
operators. TN\ .-
Examp|e 3 0? Non-perturbative (g>4r) \ :'[;J::J Lrgngii?tn _§
- —e— Trunc. g=1 ]
1I Lo ! N SR ! Lol
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HIGGS DECAY TO Y(Y)+E(MiIss) (CMS)

In some SUSY scenarios, the gravitino is the Dark Matter
candidate, with final states with ETMiss + photon(s)

Selections target ggH and ZH channels

‘Backgrounds ggH:  -Backgrounds ZH:

oZ(vv)+y Zy
*Mono-e Z+jets
*Mono jet « W, ZZ
‘G+jet Non-resonant dilepton
CMS 19.4 b (8 TeV)
E 1 T 1 | T 1 I I 1 I I 1 I T | I T 1 | I T I
bUJ [ — Observed
— 0.6} Median expected —
m Expected + 1o ZH+9%"1 o
Expected + 26 H— 21 G->yGG m, ,2m,/2
O - - Medianexpected ZH 4 _,5°5° 4 Gy é’xr‘n ,<my/2
| -~ Median expected ggH B | |
0.4+ -
0.2/ .

l 1 1 | 1 l 1 l 1 1 | 1 l 1 | 1 1 1
0 20 40 60 80 100 120
¥ mass [GeV]
X See also: ATLAS-CONF-2015-001
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STATUS OF RARE SM DECAYS: Ul
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== MC (stat)

> +, - -
[0} -$- Data )
S \of ATLAS 0 NG ) u u analysis:
iy S= e _ -1 [t B ww :
2 108 (sogToyd LAt=24810" o @ Wat - 2 analysis channels (ggF and VBF)
g 107 Ha (s Gev - Analytic background model (similar to vy)
10
5
184 Results at 95% CL.:
3
d 0.Br < 7.0 (7.2)(0.Br)gy,
10
1 /’ﬂl{’ Universal couplings (same as t lepton)
107 =l PR e Nl IO | P O S| . . .
0780 100 120 140 160 180 200 220 240 260 would imply signal ~280 times SM
m,.- [GeV] PLB
R Y N [ 4 M CR Y S Howw 1T ETeV) PLB 732 (2014)
3 0,1-Jet Tight BB —s— Data CMS ] 8 16f 2-Jet VBF Tight —— Data CMS 3
S 800 Background model - 2 14 5 Background model —:
E E --------- SM Higgs boson x 20 ] g 12 ;»— --------- SM Higgs boson x 20 _E
g ol __ g) 105 1 iggs boson _:
o 1% N 3| Results at 95% CL :
400 |- — - 4’ ]
. . 6 /| =
200 |~ 4 <|, ARt T'JI' 4 | 0.Br <7.4 (6.5)(0.Br)q\
B 2 IE
0_ N i, U U R OZJLLII_"_—":
_| 3E XINDF = 45.7/48 = 0.953; p-value: 0.566 1 2 [ 7?INDF = 14218 = 0.788; p-value: 0.717 '
n I
EE. 8 of
o ::23 | | . . i o _1;-5
110 120 130 140 150 161 110 120 130 140 150 160 48
mpp [GeV] mu” [GeV]




STATUS OF RARE SM DECAYS: ZY

CMS (s=7TeV,L=5fb'Vs=8TeV,L=19.6fb"

e . — Zy analysis strategy

1400 -  Signaim, = 125 Gev x75 - Detector and p; categories
3 ZZZ: - Analytic background model
2 ool (similarly to yy)
m 600

o Results at 95% CL:

200

foo ~110 120 130 140 150 160 170 180 190 o.Br<9 (9)(G'Br)SM
m,, (GeV)
PLB 732 (2014)
2 I | | | | E,;_ T T T T T ]
S 600 ATLAS - N - det=4.5fb'1, \s=7TeV — Observed
2 - - 1 - L e Expected -
g) 500__ —e— Data - \-/(% - j Ldt=20.3fb ,\Vs=8TeV +16 .
I = T HoZi (m 125 GV, og80) - 7 K + 26 1| Results, 95% CL.:
4001 p: \ ATLAS a
300F- T  15F 4| 0.Br <11 (9)(0.Br)qy
: 5 - ]
200 10N -
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1005_ i JLdt=20.3 o, Vs=8 TeV E t\z °F AR
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CMS CP MIXING RESULTS

Probe potential CP-mixing and tensor structure of Higgs interactions
Amplitude describing interaction between a spin 0 and two spin 1 particles:

A(HVV) ~

fa1
fa2

= N 1
a1 |01 + |az|?0p + |as|?03 + 01/ (A1) + ...

O
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ATLAS CP MIXING RESULTS

Lagrangian describing interaction between a

spin 0 and a pair of W or Z bosons (from
JHEP 1311 (2013) 043):

LX: {CaKSM [%gyzzzyz“ +8HWWW;W—#]

11 v 7 v
—1x |CakuzZZyv ZY" + Sakazz Zyy Z* ]
1 1 - - + iV
—5% [CaKHWWW,JVW Y + sakaww W, W ]}
Jr Model Choice of tensor couplings
KSM KHVV Kavy @
0"  Standard Model Higgs boson 1 0 0 0
0y BSM spin-0 CP-even 0 1 0 0
0~ BSM spin-0 CP-odd 0 0 1 /2

CMS/ATLAS comparison (Michael Duehrssen)

«

No significant contributions from
BSM terms are observed

ATLAS paper: JHEP 1311 (2013) 043

<<30I|IINlIIIINIIIIIIllll{lllllllllll|
S i
o~ | ATLAS Preliminary H— ZZ* - 41
' s ls=7TeV, 451" B
25 L Observed s =8TeV, 20.3 ' i
__ Bxpected: H—WW* - evuv -
20 o signal strength fit to data 's=8TeV, 203 15" B

REIREEEEEE Expected: SM

BSM CP-even (95% CL)

CMS  fipncos(¢qn)e|—0.11,0.17]

ATLAS fa2 < 0.12 for ¢,0 = 0

fa2 < 0.16 for ¢uo = 7
BSM CP-odd (95% CL)
CMS  fa3 cos(¢pas) € [—0.27,0.28]

ATLAS  fu3 < 0.090 for ¢pq = 0
,,f(l:{ < ()41 f()l' (:.)”3 —




5 19.7 fo” ® TeV) + 5.1 16" (7 TeV)
T T T T ] T T L S A (P "N S S S S S——

i qp H—yytagged
CMS = H— ZZ tagged
¢ H— WW tagged |
H — 1t tagged

H — bb tagged
SM Higgs

l'I'VBF,VH

GLUON FUSION Vs VBF

Calculate production ratios for each _
final state: 2|
*Branching ratios cancel:

; |
JLLVBF +VH __ ILLVBF +VH
l -1llll(l)llll1jlllélll]3
auggFHtH uuggF+ttH M gh.tH
r /T T T T T T T L B BRI B
> - * Standard Model -
i C o+ Bostf ATLAS Preliminary -
CMS Result: 1.25i8'ii Loe ez
' 5 ---95% CL H \s=8TeV,20.3fb" =
+0.4 = —HoWW -
ATLAS Result: 0.96 7575 4F —nom
35_ —Hoy  C
. . oF H- 1t =
CMS VBEF significance: - -
1__ —
3.70 (3.30 expected) - -
(assuming SM BRs) O E
3 125.36 GeV E
ianifi . :...H.=|1.'H|(?...|....|.11,1....|....|..,1|,...E
ATLAS VBEF significance: S e T e B Ry

—h

4.30 (3.80 expected)

ggF+th



NEW PHYSICS IN PRODUCTION OR DECAY?

u " . 6 B S S S S
Allow for contributions from BSM particles = e
. N [ V(s=7TeV,4547" /1
W|th Mass < mH/2 >t (s=8TeV,20.3 " fil
4 :_ —Vis. & inv. channels _:
*Relax assumption on the width - Inv. channels i
. . . \ . r ==Vis. channels B
*Right plots : include direct limits ! [
ATLAS Preliminary
\Vs=7TeV,45-47f" \/s=8TeV,20.3fb™" B
68%CL: s |
95%CL: L]
T 0.3
BI:{inv
Ky = 1.00+0.12 —+— N 10: ] ] r 19]7 f[])'1 (8T TeY) +[ 511 fb'1](7 T]eV):
; £ o CMS — Observed ]
Kg=1.12014 - < 8E_‘<v=1"<g=1’ BR,, |----Exp.forSMH |-
o 3
(95%CL) Kz, < 3.3 sk E
5F £
(95%CL) BR,;, < 0.27 i E
Lt = 1,031 - % E
My = 125.36 GeV 2r E
|||||[||lIII||||||||||||||||l||l[ 1;
0 0.5 1 1.5 2 2.5 3 0= 1 S B
0 0.2 0.4 0.6
Parameter value BR

inv



Run 3 and Beyond

! . i i ATLAS Simulation Preliminary
Ongoing studies of Higgs physics 's = 14 TeV: [Ldt=300 b ; [Ldt=3000 b

potential at high luminosity =T A
H—yy (comb.)
;L ATLAS Simulation Preliminary t ]
= hosyy, hosZZ 41, hsWW*Ssiviy Z.E = H—s ZZ (comb.)
=7 E h—t1, h—=bb, h—uu, h—2Zy VT/- E
10-1 _ [z, K, Kpy Ky Ko, Ky g |
= BR, =0 ] H— WW (comb.)
- b . -
102 A —
- T \s=14TeV E H— Zy  (incl)
- Y —[Ldt=300f" ]
10° | — [Lat=3000f" B
- E ] H—s bp (comb)
< 128 7 3
5 1.12_ | - _i H—1tt (VBF-like)
o C -
I e |-
o V.9 T E
- 0.8;— L 1 _; Houpw (comb.)
107 1 10 10




