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nggs boson & partners at LHC N
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In 2012, after 1 2 year of running at 7 & 8 TeV ATLAS and CMS announced
the discovery of a Higgs boson at the LHC

With the run 1 data most accessible properties of the Higgs were measured
and constraints were set on others

In 2015 and 2016 both experiments have collected up to now nearly 30 fb-’
of data at 13 TeV

CMS Integrated Luminosity, pp, 2016, Vs = 13 TeV

Data included from 2016-04-22 22:48 to 2016-09-29 01:23 UTC
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To quote LHC team (2016): “No one is more surprised than we are “



Higgs boson at Run 1 N
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Spin 0 and even parity from angular distributions J. High Energy Phys. 08 (2016) 045
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Higgs boson at Run 2 N
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The run 2 dataset public results: ~3 fb-1 2015 + ~13 fb-!1 2016 (in this talk)
The LHC already produced more Higgs bosons in run 2 than in run 1!
Observed decay modes: yy, ZZ, WW, tt (as of August 2016)
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Higgs—yy N
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Event signature: 2 lsolated photons 2 R SRR 0T
Large irreducible yy background P i
Main reducible background: y-jet + jet-jet (~20% of total bkg)
Signal extracted in different categories to increase significance
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Differential cross section:
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vy nuisance parameters ranking and pulls on signal strength

Impact on total uncertainty in % of total unc. (
Red: dominant theoretical uncertainties (but not for oxBR tot.)
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Signal strength & production

Different categories targeted at production modes: ggF, VBF, VH, ttH
Theoretical predictions using N3LO (QCD ggF)

Precision already similar to run-1

All results compatible with SM (uncertainties statistically dominated)
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LI L N B N B B B B B B B LA L L L B ) B H I | Tt |
. —>YY i +
ATLAS Preliminary —e— Total - Combined £ o
| {s=13TeV,13.3fb" —— Per category * 1o
+1.26 B = N
MttH — I @ | HnH =-0.25 ~0.99 0.5 H l‘LSM
1 Mgy | 07728 1 _ 0.95+021
Moy : . | w, =023 1% Hrun—2 = V-79_(.18
+o. IR m, Profiled ]
Hoor —e— W, =224 o o "
" o5 0 Hoge | 161%s M, = 1
soH |- e o =059 oz =1.1470%
R - HPpan—1 = 11293
l.’LRUH-Z _ e MF{un-2=0'85 -0.20
0.28 MttH 191 '11'25
Frun- n | | | | | Hrun- |=1.17 _7126 ! ! | ! !
2 A o0 1 5 3 4 5 -2 0 2 4 g 8

=

Signal Strength

(Run-1 results use NNLO+NNLL QCD ggF)
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Event signature: 2 pairs of same flavor isolated electrons or muons
Main background: ZZ, Z+X

Dominant systematics: luminosity and lepton ID + Isolation efficiency

CMS Preliminary 129107 (13 TeV)
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Fiducial cross section:

O Corrected for detector inefficiency and resolution Cff L dt

O To be used for comparison with computations with minimal corrections
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Signal strength & production
Different categories targeted at production modes: ggF, VBF, VH, ttH
Precision already similar to run-1

All results compatible with SM (uncertainties statistically dominated)

CMS Preliminary 12.9fb™ (13 TeV)
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Measurement of the w1dth from off shell & on- shell regions
MCFM+JHUGEN+HNNLO framework includes interferences
Off-shell: T' <41 (32) MeV

On-shell: I'y<3.9 (2.7) GeV(less assumptions on BSM contribution)

CcCMS Prehmmary 129" (13 TeV) CMS Preliminary 129" (13 TeV)
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LISE -SSR U S .0 SN S ANEPESS S B

Constraints on HVV, AVV, sensitive to BSM interactions (productlon and decay)

Assume SM Higgs: scalar, spin 0, u=1

-2AIn L

CMS Preliminary 157 b (13 Tev) Note: ggF fixed to SM can not accommodate for 2-jet excess)
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i -------- Expected, ¢  =0orm ;_.-‘ | [ 18Tev.asmt Expected 1 E 13T‘:o.v, 1’ Expected
8- i 8 % I
- 2.1c dev. i . 1.8c dev. from /
o from iyy=0 fod 8\ ik Sine=0 i
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CMS-PAS-HIG-16-033 ATLAS-CONF-2016-079
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Combination of Hoyy & H>ZZ*
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Event categorization optlmlzed for product1on mode separatlon

Fiducial cross sections (from H—yy & H—>ZZ*) extrapolated to full acceptance

Measurement at 13 TeV

SM prediction at 13 TeV
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ttH, H—>bb
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Dlrect probe to the top Yukawa couplmg at LHC

Events categorized depending on amount of leptons, jets, b-jets

Dominant th. systematics: tt+HF & ttH modelling

ATLAS Prellmlnary ttH (bb),

\s =13 TeV, 1321‘b1

T LI DL B DL BN B BLAL
—— Tot.
Stat.

Tot. ( Stat. Syst. )

+29 ( +1.4 +2.6

Dilepton —e  — 4.6 -1.3 -1.9)

+1.1 +05 +1.0

Single Lepton| e 1.6 1.1 ( 05 -0.9 )
+1.0 ;, +0.5 +0.9

Combined o 2.1 -0.9( 05 -0.7 )

CMS Preliminary s=13 TeV, 2.3 fb’

Channel Best-fit 4 Observed UL  Expected UL
. 2.1 1.8
Lepton+jets —[:'.4'_"2_1 4.0 4. 1+] 5
Dilepton —4.7137 5.2 7.773%
: 1.8 1.6
Combined —2. l}+1 5 2.6 3. 6+1 T

0O 2 4 6 8 10 12 14 16 18

Best fit u = o™/clt for m, = 125 GeV

ATLAS -CONF-2016-080

CMS-PAS-HIG-16-004
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ttH, H—)WW, ZZ, tt (multileptons) N

= SRS - ST e R e SRS
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Focus on flnal states with clean SIgnatures and low background

2 to 4 leptons, >2 jets, >1 b-jet

Dominant th. systematics: non-prompt lepton background pred.

2£Orhad

21 Thad

37

4¢

Combination

(together with charge mis-id)

ATLAS -CONF-2016-058

T T I T T T T ‘ T T T T I T T T
ATLAS Preliminary Vs=13 TeV, 13.2fb"
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25

best fit M for m =125 GeV
ttH cross sections are calculated at NLO QCD and NLO EW accuracies

CMS-PAS-HIG-16-022
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ttH combination N
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Combination of vy, multlleptons and bb analyses
Signal significance of 2.8c (1.8c expected) ATLAS Run-2
Run-1 ATLAS+CMS was 4.4 (2.00)

m,, = 125 GeV 2.3-2.7 b7 (13 TeV)
T | T T T | T T T | T T T | T T T | T T T 1I=: 20-_
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‘= 16
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ttH combination 1.8 57 (o4 205 ) 4l
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best fit u_ for m =125 GeV
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ATLAS-CONF-2016-068 CMS Moriond 2016
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Establlshlng nggs coupllng to b- quarks

VH, H—bb

e R e e

Use leptonic decays of Z/W

Main th. Systematics: V+HF normalization

ATLAS Preliminary Vs=13 TeV, [Ldt= 13.2 fb

ZH

WH

Combination

— Tot.

Stat.

oo

F e H

=04

Tot.

+0.67
0. 15—064

0.95
0.33" oo

+0.51
021_050

(Stat. Syst.)

( +0.49 +045 )
-0.47 -0.44

(+0.68 +0.68) ]
-0.64 -0.67

(+0.36 +0.36) -
-0.35 -0.36

] I 1 1 Il |

4 6

Best fit u=c/ O

8 10
for m, =125 GeV

Significance
(expected)

ATLAS (13 TeV) 0.40 (1.940)
ATLAS+CMS (8 TeV) 2.60c (3.70)

Tevatron 2.80 (1.50)

ATLAS-CONF-2016-091
J. High Energy Phys. 08 (2016) 045
Phys. Rev. Lett. 109, 071804

Phys. Rev. D 88, 052014



VBF, H—bb

Sl T e s Rl e T e e S T e

VBF more difficult than VH
QCD bkg, No lepton
Use forward jet tagging

o CMS Preliminary 2.32 b (13TeV)
s : CAT 4
O e Data
e (m, =125 GeV)
0 --- Bkg.
™ -.QCD
= [ 26 bkg. unc.
g % 16 bkg] unc.
2
g e
o = T + rF {' = =
©
- | |
920 140 160 180 200
m, (GeV)
CMS  Upper limit x SM  Signal strength p
(expected)
Run 1 5.5 (2.5) 2.8116, ,
Run 2 3.0 (5.5) —3.7751
Run 2+1 3.4(2.3) 1344

CMS-PAS-HIG-16-003

Accompanymg h1gh energy Y (ATLAS)

Central-y + 4-jet high level trigger

Events/ 10 GeV
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- ATLAS | Prellmlnary —e—Data
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Vs=13TeV,12.6 o' pum z+y(QCD)

zZ (EWK)
H Igh BDT N;n?(?es Bkgd

—— Uncertainty
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H(125) + y x 10

L]
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3

S SHUE S
60 80 100 120 140 160 180

200 220 240
m,, [GeV]
ATLAS H(—=bb) + yj Z(—=bb) + yij
Upper limit 4 x SM 2 X SM

at 95% CL

(expected 6 x SM)

(expected 1.8 x SM)

ATLAS-CONF-2016-063



Beyond the SM Higgs: Heavy Higgs yy N

=ESCE S OORRER T S, A A s SRS PSS SIS S SRR S e S S Al = ST P e = = DRSSP EE——

Extension of yy channel analy51s (spm O) ATLAS-CONF-2016-059
No significant excess observed in 2016 dataset
3 46 for 201 5 alone ATLAS Preliminary Vs=13TeV, 154f"  Spin-0 Selection
- 35 —
X 10 L,
% 10* k- ATLAsPrclellr‘mnary [;ata o E: 8 3 %
z‘ 103%— —— Background-only fit = 2.5 %
L% n Spin-0 Selection 6 5 @
10% p S
= s =13 TeV, 15.4 fb 5 3
= 4 |
:
e ? 0.5
107 = 0 0
= 5 500 1000 1500 2000
R E my [GeV]
g oMl 3 With the higher pileup conditions
o 5HH —
=R | 3 of the 2016 data, more work is
g ’ ¢ E needed to complete the analysis
§ ~10f} '“ E in the extended acceptance of the
© 800 1000 1800 2000 2500 spin-2 selection



Beyond the SM nggs Heavy nggs Yy N
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spin-0 + spin-2 search CMS-EXO-16-027

No significant excess observed in 2016 dataset
Limits derived from 2016+2015+2012 dataset

12.9 fb™ (13 TeV) (+2012: 10% improvement at low masses)
= R 16.21b" (13 TeV) + 19.7 fb' (8 TeV)
@ D t — ~ ' ~ : .

3 * dala T DRSS p— 5
810 2 EBEB Fit model ol = 1.4x10* 177 Gt k001 (L0) J=0 expected £ 15.d. h
- E . — J=0 observed 3
N - B t1s.d. = 2 , ireq
~ B + — C “¥WYI2AYL .~ 7/7/7 J=2 expected + 15.d. ]
%102 E o 2 Sd g 1= " —— J=2 observed =
= = E e
e F 5 £ N ]
WL 3
10 B [ pE=tax0? - Gogoy1, k=01 (LO) 3
= © | ]
o - -
'E E 1L -
= -~ E =
- a F
0\0 E =
1p) E 7
o ]
10¢ E
.
500 1000 1500 2000 5x10? 10° 2100  3x10°
m, (GeV)

m,, (GeV)



Beyond the SM Higgs: Heavy nggs 77 N
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Exten51on of Z7 channel analyses

Assume ggF and VBF production modes

MS Preliminary 1297 (13 TeV)

:) | T 1T | T 11 | L T T | T 1T | ' T T | I H %103 :—l I | L I | L | LI | T 1T | 1T | T 1 1_:
G & e Data 8 F ATLASPreliminary ¢ Daa E
& [ H(125) § [ H-2zz' >4l inclusive 7z -
~ 70 ] 99—2Z, Z¢* § | 13Tev. 148 b ti+V, VWV ]
c M 99—ZZ, Zy* D 2k B Z+Jets, 1 B
2 60 B Z+X - % Uncertainty 3
Ll ]

50 N

10
40

30

20

III|IIII|_|_I_I.|_I_|_|III|IIII|IIII|IIII|ILO

10
107!
0 ||||||;|
200 300 400 500 600 700m (Sé.]gv) m,, [GeV]
47

CMS-PAS-HIG-16-033 ATLAS-CONF-2016-079



Beyond the SM nggs Heavy nggs L7

N

Assume ggF and VBF production modes
No hint for signal in 2016

CMS Preliminary

12.9 b’ (13 TeV)

o)

= 107 = r=0

T

N =2 GeV
T F=10GeV
> 10 = I' =40 GeV
T -

(@}

o

©

Expected Observed 95% CL

.+1 std.
-+ 2 std.

CMS-PAS-HIG-16-033

253

m, [GeV]

95% CL limits on 6. x BR(S—> ZZ — 4I) [fo]

| I
ATLAS Preliminary

" 13 TeV, 14.8 fo
10

LWA 1%

I I I

— Observed CL, limit :

- Expected CL, limit
. Expected + 16
D Expected +2 ¢

10400 500 600 700 800 900 1000

m, [GeV]

ATLAS-CONF-2016-079
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Beyond the SM Higgs: Heavy Higgs tt
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N

MSSM H/A—> T, dlrect productlon or assoc1ated w1th b quarks (hlgh tanB)

e, u, had. decays (CMS) at least one t decaying hadronically (ATLAS)

Categories based on number of b-jets

95% CL limit on ¢(ggd)-B(o—tt)(pb)

10%E

107

10¢

107

102

UT, +eT, +el+T, T, 2.3fb" (1 3 TeV)
FT T T T T T T

_ CMS —e— Observed

= Preliminary — Expected

i [ t1o Expected
L [ ]+20 Expected |

m, (GeV)

CMS-PAS-HIG-16-006

o

IIIIIII

ATLAS Preliminary

H/A — tt, 95 % CL limits

Ys=13TeV, =< 13.3fb"
gluon-gluon fusion

1 I 1 T T I T
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ATLAS-CONF-2016-085



Beyond the SM Higgs: Charged Higgs N
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Ht—tv ATLAS-CONF-2016-088 H:—>tb ATLAS-CONF-2016-089

Top associated production(t,,+jets)  pp—tbH* associated production

L L L L DL B
ATLAS Preliminary

——— Observed limit (CLs)
....... Expected limit (CLs)
C+1o

[ J+2

mir* tanp = 0.5
—— m™* tanB = 1
m™e tanB = 60

10

35 ATLAS Preliminary

o(pp—tbH")XBR(H'—tb) [pb]

300 Is=13TeV, 147" E
. H* — tv; hMSSM scenario] | H' S to |

251 Observed exclusion - 4
o0F 2015result - Expected exclusion 3 107 8 =13TeV, 13.21 E
- —- Observed +t1o 1 I I I I B I S i
15F ....Expected [ ]+2c E 300 400 500 600 700 800 900 1000
103|m.|..u|....|.."|...m....m...|m.¥ m, [GeV]
200 250 500 550 400 459 50(r)nH§?8eE\3/(])o 1800, CMS Preiminary 15.2 o' (13 TeV)
r 0 T Llobserved -
+ _ _ 4. — 1600 ---- Expected
Ht—WZ CMS-PAS-HIG-16-027 ] L Exp E
. = []*2c h
3 leptons selection T 1200 =
. ) & 1000 —
(relevant for Higgs Triplet models, T 00 E
. ) 1
suppressed in 2ZHDM models) X 600 =
© 400 -
200 =

No evidence of a charged Higgs boson 20 20 e0  e0 __ 1000

m,,. [GeV]




Beyond the SM Higgs: Higgs—Invisible N
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Run-1: B(B

Contraint fro )<34% @ 95% C

CMS: Combine ggF, VBF, VH & 7, 13 TeV
Assume SM values for production mode ratios

VBF dominates sensitivity ATLAS: ZH-ll+inv
B(H—>inv.)<0.24 (0.23) @ 95% CL B(H—>inv)<0.65 (0.98) @ 95% CL

\ 491" (7 TeV) + <19.7 b (8 TeV) + 2.3 tb™' (13 TeV) 3 —— T
o F ‘ ] ; N ATLAS Preliminary 3
% 1of - Observed CMS & - - 's=13TeV, 133" ]
% e T Median expected Preliminary - O O e .
5 140 " 68% expected = I |
Q r ] -1 |
S 12 95% expected = 10 g e
(%‘ £ 3 95% CLp e R N T 7]
E_ 0.83— . I i
% 0-6;_ 1072 - — Observed
% 0-4:_ E e Expected Median
. [ Expected + 16
b 0.2 = |:|E)I(pectedi20' I

I 1 1
|
Combined VBF-tagged VH-tagged ggH-tagged 0 0.2 0.4 0.6 0.8 1 1.2 1.4

6,y X BF(H — inv.) / S

CMS-PAS-HIG-16-016 ATLAS-CONF-2016-056



Beyond the SM nggs Lepton Flavor Violation N
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Small excess found by CMS in 8 TeV dataset for H—>u’fe h
2015 data neither exclude nor confirm the excess
2016 data analysis in complete agreement with SM
CMSPrefrmmary 2.3fb" (13 TeV)

19.?Ib-1 ST V I L L L L LI
(8 TeV) ut 0 Jets ! ! ! !

had’ 5
4.17% (exp.) ; e Observed

4.24% (obs.) H
t 1det| X Expected -
H had’

4.8?3% (exp.) - - + 1 std deviation
6.35% (obs:) 5 I:’ + 2 std deviation
ut 2 Jets '

had’ i
6.41% (exp.) '

7.71% (obs.)
— 8 TeV [Phys. Lett. B 749 (2015) 337]:—|
ut , 0 Jets

e’ i
2.24% (exp.) “

1.33% (obs.) i ——————— Expected
ut , 1 Jet

e’ i
4.36% (exp.) i -

3.04% (0bs.)

® Data
|:| Bkgd. uncertainty
B svH
[z
I other
_ [ttt ¢
[ ]| MisiD'd t,e, u

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

O
=
w

60
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40
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30
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ut , 2 Jets

e’ E
7.31% (exp.)

8.99% (obs.)

o) ! B(H—>pit)<1.20%

1.20% (obs.)

Illllllllltlllllllllll

0 5 10 15 20 25
 [GeV] 95% CL Limit on Br(H-p1), %

CMS-PAS-HIG-16-005

Data-Bkgd (fit)



Beyond (thlS talk) nggs Other toplcs
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For more ATLAS+CMS Higgs results see:

From Monday parallel session
Higgs decays to meson+y: Kostas’ talk
Higgs Exotics decays: Chayanit’s talk

Extended Higgs sector: Alice’s talk
Invisible Higgs: Loan’s talk
ttH: Nicolas’ talk
Higgs pairs: Claudio’s talk tomorrow



Summary N
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" 13 TeV data analyzed: 3 fb! 2015 + ~13 fb! 2016
Observed Higgs is consistent with SM (so far)

Theoretical errors went down by a factor 2 since run-1 (ggF
scale, gg PDF)

Precise Theory predictions are

mandatory for Higgs precision E> 1- ATLASand CMS
54 - LHC Run 1
measurements =
el> 107k E
30 fb' on tape for 2016 ]
Wait for winter conferences 102k -
for more Run-1+2 } ATLASICMS
and ATLAS+CMS ke £ SM Higgs boson _
o ; — M, €] fit :
combinations - I 68% CL
[ ]95%CL
10_4 1 | Lol L ol L Lol E
107 1 10 10°

Particle mass [GeV]
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Higgs—>ZZ*

= e e . = RS - -
c s — - s T ——. _‘3- e TR — = < . e e goe M s e T —

Measurement of the width from off-shell & on-shell regions
MCFM+JHUGEN+HNNLO framework includes interferences
Off-shell: T' <41 (32) MeV

On-shell: I'y<3.9 (2.7) GeV(less assumptions on BSM contribution)

CMS Preliminary 12.9fb" (13 TeV) CMS Preliminary 12.9fb" (13 TeV)
;' :||||||||||'|||""|"'1'(|)gé|v"|""‘|l'4-'()' _I _I 16_|I\\ll\llll\Illl\llll\ll‘llll‘\ll\‘Ill\llll\lll_
= e m [ i ]
© 45F =T o5 £ = [ 105GeV < m,< 140 GeV §
T 4E I [\ (qV - —Observed 1
- - i ' ool -
35 I 20 —  -—-Expected ,
3 i 10) E
E 15 B ]
2.5E 8- =i
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= 10 6~ -
1.5 L
- 4—_95%CL
1__ -
- 2 §
0.5F 2
B > [ es%oL . T ]
BT Do oo b b Lo 0 0_1\-4-"' T b b bvoa b Lo biaaa by
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