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ATLAS H—-4l

The observed signal
yields S are not
correlated to the
mass measurements

ATLAS H—yy
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Fine print: simplified model for this
plot with only one signal strength
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... and the ATLAS+CMS combined Higgs boson mass is:
my = 125.09 4 0.24 GeV (0.19% precision!)

— 125.09 + 0.21(stat.) £ 0.11(syst.) GeV

|

|

1 1 1 1 I I 1 I 1
ATLAS and CMS preliminary — Total — Stat. — Syst.
LHC Run 1 Total  Stat. Syst.
ATLAS H—yy USSR H—f—a—j—4  126.02 + 0.51 ( £ 0.43 + 0.27) GeV
CMS H—yy T et 124.70 + 0.34 ( +0.31 0.15) GeV
ATLAS H—ZZ il | » i 124.561+ 0.52 ( £ 0.52 + 0.04) GeV
CMS H—ZZ —lill R s | 125.59 + 0.45 (£ 0.42 + 0.17) GeV
ATLAS+CMS 7y b 125.07 + 0.29 ( £ 0.25 + 0.14) GeV
ATLAS+CMS iI Pt | 125.15 + 0.40 ( £ 0.37 + 0.15) GeV
ATLAS+CMS yy+iill I o=t 1 125.09 + 0.24 (£ 0.21+ 0.11) GeV
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Compatibility of the 4 m, measurements with the combined mass: 7-10%
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« Measurement is dominated by the statistical uncertainty
* Very careful check of systematic uncertainties performed:

mp = 125.09 £ 0.21(stat.)| £ 0.11(scale) == 0.02(other) &= 0.01(theory) GeV

 Energy scale and resolution systematic uncertainties dominate

ATLAS and CMS
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All parameters of the SM are now known
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Higgs and associated jet kinematics

ATLAS F’relrmmary pp—rH . NN'-OF'S p*’s XH
# MG5_aMC@NLO+PY8 + XH -

anti-k, A = 0.4, N, 20 B SHERPA2.1.1+ XH
a - XH = VBF + VH + ttH + bbH
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— |— \s=8TeV, J‘Ldt=20.3fb'1 ]

« Combination of differential measure-
ments for the production kinematic
distributions in H—4l and H-vyy

 Here: combination of shapes inorderto | _
be independent of BR assumptions “’pT *jet '
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Decay kinematics in H—-ZZ and HH-WW

* Deviations from the SM in the decay kinematics are currently
probed through Spin/CP hypothesis tests and measurements
e Spin 1+2 hypothesis (in many variants) are excluded at >95%CL

f-g" 0-1;_'AT|'_A$'s'irhb|éh6r'1 Préiimbary [Tested Mypothesis | pAIT pAIT —— psH pALT Obs. CLs (%)
g [ res=8Tev e e, 1105 25-102 47-10° 0.85 7.1-107 4.7-107
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Decay kinematics in H—-ZZ and H-WW

 Measurement of anomalous couplings for
the Spin 0 hypothesis, equivalent to EFT
Lagrangian:

. s 1 1 . 1 -
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« Combination: assume a=a"V, kK #=k.""
» See Giacinto's and Josh's talks for details
 All results consistent with the SM !
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Decay kinematics in H—»ZZ and H—>WW

* Unfortunately ATLAS and CMS don't use the

same convention for CP measurements
* Fortunately, its possible to translate
— using CMS convention here

‘E‘va |QCTHV1;

fag —

‘ JE’-A vy tan «v ‘ 2 TAVV

/
5 = _ , Dg, = arg AV
“l'S}.-I \ “OsMm + |}f-Hv 1% \20 HVV ksm

faa —

« BSM CP-even (95% CL)
CMS fa2 cos(Pa2)

Ja2 < 0.16 for ¢uo =7

. BSM CP-odd (95% CL)
CMS fnS COS (QDHB)

ATLAS fa3 < 0.090 for ¢u3 =0
Jaz < 0.41 for ¢z =

Michael Duehrssen

‘ ff.s M | J oagM T | ‘i—l vy tan o | 2 TAVV

) kavy tan o
, Pay = arg oy
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Combination: Measuring signal strength

* Measure the ratio | between the observed rate and the SM

expectation for o x BR in all Higgs analysis

- Assumes SM kinematics for production and [l !

Main inputs to ATLAS

combination
ATLAS Preliminary Input measurements . .
m,, = 125.36 GeV oo + 15 0np Main lnputs to
Mo Overa!u::;:iag 125.4 el | 3 10: | , : I | I T T — § CMS Comblnatlon
oaFp=1.32" " 11254 : : —— = ) 3 -
vemssosl s | —i & B \s=8TeV ¢ arXiv: 1412.8662
WH:u=10" _ 125.4 : —_— g E \ : Q
Beeotifed| | PO M — 8 ! 3
e e > 1k N WW S g & —_ 19.7 o (8 TeV) + 5.1 165" (7 TeV)
0" IS S ONIPRN o FVBF HAE'T L w=100:014 | CMS m, = 125 GeV
o I T LD L WH A b WW S IVIv §% Ho oy (untagged) “WS
verall: p = wz n — “I-II-| T = H—yy (VBF ta Pon =™
goww © ||: 114;; e . —— H j\!’ ((VH tag; s
00F: 1 =1.0222 | 55 36 : CoHA : : 1 0-1 27 — | |qq —| Y g
VBFu=135) lizs3s| Do E H— vy (ttH tag)
et o N T I e e n 727 = I'vv 7 HH% ZZZZ(?ZM jtet;
_ Overalp=0504[12538 : — 1 ' ' R - jets
VH — bb : : L o
waps1iflos | e e T P ZZS T H— WW (0/1 jet)
e R 10 - H— WW (VBF tag)
Ho g Oveml ;.:143‘;_32 1f5-35 1 E H— WW (VH tag)
i et I B [ H — WW (ttH tag) -
P71 Pas lsaol | [ | I 3l i s I'Tbb - B H— 1t (0/1 jet)
H= i oz 07 [ [ : — 107F l=e.u L NTY 3 H — 1t (VBF tag)
i i — s ' .., ] H — 1t (VH tag)
H—2Zy Overall:p =274 | 1255 : : —— i \ Veciivp’;r ] H — 1 (ttH tag) =
" meeE A AR wheri ST H— bb (VH tag)
ozl | e 10" 700 150 200 250  HobbltHteg)|  ——rmb
et vl L el g m, e L R T
bl bl M, [GeV] Best fit 6/c,,
s=7TeV, 4547 -2 0 2 4

Signal strength (u)

Vs=8TeV, 203"
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Combination: Measuring signal strength

* Measure the ratio | between the observed rate and the SM

expectation for o x BR in all Higgs analysis

« Assumes SM kinematics for production and [e[:l£}Y !
Main inputs to ATLAS

combination

ATLAS-CONF-2015-007

ATLAS Preliminary
m, = 125.36 GeV

Input measurement

H— yy

m, (GeV)

+1oonyu

j

Main inputs to

CMS combination

fo! (7 TeV)

125 GeV

OOOOOO

\s=7TeV, 454

Vs =8TeV, 203

4 6
t fit G/GSM

'H o ET Ny E% .
R R L | sewmev arXiv: 1412.8662
H ATLAS | ATLAS | ATLAS | ATLAS ATLAS | ATLAS
99 CMS CMS CMS CMS CMS CMS
VBF ATLAS | ATLAS | ATLAS | ATLAS ATLAS | ATLAS
- CMS CMS CMS CMS CMS CMS
| VH ATLAS | ATLAS | ATLAS - ATLAS | ATLAS -
CMS CMS CMS CMS CMS CMS CMS
tHH ATLAS | ATLAS | ATLAS | ATLAS | ATLAS
CMS CMS CMS CMS CMS
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Signal strength: grouping by decay

« SM values for ratios between different production cross
sections are assumed

* Results are consistent with the SM ! ) .
19.7 b (8 TeV) + 5.1 fo' (7 TeV)

- — of(stat.) ;
ATLAS Preliminary (i Total uncertainty . m = 125 GeV
my = 125.36 GeV (_(ttﬂgg?y) + 1o on u Combined >CMS H
— | u=1.00+0.14
H— vy = | L Pgy = 096
= 1.17?3 EP : :: | S
H - ZZ* '331' L H % TT tagg'Ed —h
w= ‘14604[]'31. Lo “=1.12ig.24
ozalen | L
H — WW* ‘g1e | I
n=1180% 'E:-l? | T H— ZZ tagged =
. e | w=1.00x0.28
4039 03 L :
u =063 037 5oy | HH |
H— 1t gfj — H— WW tagged . =
= 144042 o= K u=0.83+0.21
037fow | |, P ]
H = uu o N s H ¢ d
_ 27| o7 i :
H—-2Zy %% : f uw=0.91£028
T R P
, | H — bb tagged -
( Combined "N N w=0.84%0.44
.U=1-1870:_.;-.:§§ | |..|| T N T N R R N T R R SR T
\/ l l l D 0'5 1 1',.5 2
ls=7TeV,4.5-4.7 b —1 O 1 2 ' Best f|t G/GSM
/s=8TeV, 203 f" Signal strength (u)
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 SM values for ratios between different branching fractions
are assumed

* Results are consistent with the SM !
(but we can keep hoping for a ttH excess beyond the SM)

19.71b" (8 TeV) + 5.1 fb' (7 TeV)

CMS % 68% CL
Q5% CL
ATLAS Preliminary
Ve=7Tev, 45 470" Vs=8Tev,2031" 019 .
4L, ]
68% CL: e — =
95%CL: }‘ngH 0.85 0.16 '
T T I T T T T I T T T T : T T T T T T T T I T T T T I T T T T
+0.23 :
. JEW Hyge = 1'% 03a| ===
Uygr=123+032 —
Hyy=0.80 £0.36 e —— L =0 gp+0-38 —-.'-—
' VH TT-0.36 .
fgy = 1.81£0.80 =
: my = 125.36 GeV :
: 1.08 1
||||||||||||||I||||||||||||||||||| =2.90+ l*
05 0 0.5 1 15 p) 25 3 p'ttH -0.94 "
Parameter value ||||:||||||||||||||||||||||||

0 1 2 3 4 5 6
Parameter value
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Signal strength: gg—H versus VBF

19.7 b (8 TeV) + 5.1 16" (7 TeV)

ATLAS Preimnary | Avoids assumptions: = _ oo
S%: 7L eV:..S;4.7 b §=8TeV, 20.3fb c 9;7 serve g
*Separates gg—H (+ttH) < -
i . o E
Ry, = 0.567058 *._7 from VBF (+VH) In sf E
an 0184 e each final state . E
P 14785  BR(H—ff) cancels in ; 3
e ratio (VBF+VH)/(ggH+ttH) " x=A
i I ‘R It istent with %65 752725 535 4
RCombmed:O-geig:g? + esu CO“S'S en WI I’LVBF,VH uggH,ttH
: T = 125.36 GeV -
e s s s the SM 9XP9Ctat|0n
g o _ - 19.7 fo” (8TeV)+511b (7 TeV)
Pl “ATLas e ] Significance VBF: § | cws : :LW _
= ot N eorevisre 3 ATLAS = " Hoertagged
— ---95% : X ' - H — bb tagged
—iow 2 WVBF)/ p(ggH) S g
o _[\ w1 4.30 (3.80 exp.)
g PN —ron ]
2 iy w\ B .
¢ ({H\\ 3 CMS (assuming
" '\*Lij 2 BR as in SM)
: X : E i
i R 3 W(VBF)
_25....|1.2.5'.36.<|3L.3V.........-.-.l....|....|....|....E 370(33Cfexp) L1 Ll
-2 -1 0 1 2 3 4 5 6 7 0 1 2
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kK-framework: coupling “measurements”

* The coupling strength g of the Higgs to other SM particles is
the most characteristic footprint. It scales with the mass:
Qm%/
U

\/§m
P

Fermions: gr = K Gauge bosons: gy = Ky

« Encode deviations from SM with coupling scale factors k.
R ion- ~K 2 ¢y SM
Production: 0~K*0, Example:
» Decay: [ ~k2[ SV o-B(gg— H—yy
« Total width: rH=Zi Ki2 riSM osm(gg — H) - Bsm(H — yy)
» SM: by definition for all K. = 1
* Interference in H—vyy, gg—H, ...
— some sign-ambiguities
 Assumptions:
* Only one Higgs
 only scalar modifications of the - K2=[1.28 K, - 0.28 k|

coupling strength: VH, VBF, gg—H,
H—VV, ... kihematics as in SM
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A

* Test of fundamental difference ¢ " iraskeam | [~ A
between Yukawa and gauge et \ s
couplings using independent e R oF
scale factors for fermions and £ 2
gauge bosons: k. and K, = B =

 Assume: no BSM contributions z// ( + /§gww
to the total width I, or to the s o | S

04 06 08 1 1.2 14 16 1.8
gg—H + HHoyw+ H-Zyloops pCMS  trmlemiisivlonn

L + Observed|

beyond the effects from k_and k, * ¢ susse

By

« K. sign ambiguity resolved from :
interference in H—vyy, tH, gg—ZH o}

 Individual channels converge on
the SM quadrant and agree weli
with each other and the SM within | |
0 0.5 1 1.5

uncertainties ' Ky
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g 25 ey s T e @— ratios of E :.: b o Xy s |
| : 1| couplings in the | = \)\ = Ik -
15 - 1| fermion sector F Tdu T e

1oF 1| * between down- | % ‘ E

1| and up-type

i 1| fermions 2f E

—%.5 —2 —1I 5”}1/—0|5 .6...6!5.%;..“5...2“. |2.5 and 1 | | :

ha » between % 0.5 1 1.5 ldf

leptons L 10 197 (B TeV) + 5.1 157 (7 TeV)

< 30} ATLAS P Prel|m|nary Chedd ] and quarks = gE_Cr_MS " [— obsorve t
R 55 sl el NEW & NI N e oM
’ 20, Alq=K|@ For both: very ; )\,q=K,/K0I
o 71| good agreement St ;

ok to the SM 03 :
expectation! °F

i3 / N\ | '
%5 —2 —1|5M:{1‘ —O|5 (|)0|5\%M41I {]ﬂ IIU.IEI“I1 15:2

?"lq
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* The gg—H, H—>yyand H—Zy loops are especially sensitive to BSM
particles. Previous fits allowed only SM particles in these loops
 Determine effective coupling scale factors for these loop induced

couplings: Ky K, and K, Assume all other tree level couplings as in
the SM: k=1 fori=W, Z, t, b, 1, ...

- Can in addition fit a BSM Higgs branching ratio B,  to invisible or
undetectable final states (complementary to H—invisible searches)

ATLAS Preliminary * Results compatible with the SM
Vs=7TeV,45-47MH" \/s=8Tev,203f0" =
L o expectation
st 18 19.71b7 (8 TeV) + 5.1 1" (7 Tev) 19.7 1" (B TeV) + 5.1 16" (7 TeV)
L L L L L R L B B f M T T rTT T T ] _|'|ﬂ|_ T T T T T T T T T T T -
i 1.6 :_CMS _: = QE_CMS — Observed E
Ky =1.00+0.12 ﬂik wgw 1‘45_ _: ;:Jd Bi_"‘-r-“g' BHESM ----Exp. for M H é
Ko = 112135 - ; 2_ ] E BRBSM<0'32 S
= | RN : F@95% CL
(95%CL) Kz, < 3.3 ; 1.0F P \\ . 5F =
BR._<0.27 " L\ S A
(98%CL) BRiu < 0.27m— : 1) B # Observed .r1"‘~-,_\\"““-.. A 3 . 3
@95 70 CL 0.6F |—68% cL B 35
Gerostl b e I < , :
H 0.4+ |-—-99.7% CL — 1:
E my=125.36 GeV r {) SM Higgs 1 E -
v b b b b b Ly U.E-I N I B SR P B n' 1 il | 1 1 1 | 1 1 1 3
0 0.5 1 1.5 2 2.5 3 05 1.0 15 0 0z 0.4 0.6

Parameter value

BR
BR._<0.32 incl. H—inv. search

Michael Duehrssen Higgs combination 25



* Most general “measurement” within the k-framework:
* No assumption on particle content in gg—H, H—-yy, H—>Zy loops
* No assumptions on BSM Higgs decay modes or total width

- Drawback at the LHC: can only fit ratios of couplings A =K /K,

ATLAS Preliminary

TV 4547 sewvaan| © Results compatible with the SM
e =1k expectation

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

Koz=1.18+0.16 -

CMS . 68% OL

R, .8
E \
Az, = 1.09°028 __.__\\ : - 05% CL
: ‘\ :

0.14
=0.98"
Awz € [-1.04,-0.81] gE 0.13

U[0.80, 1.06] :
Ag € [-170,-1.07] : - 013
U[1.03,1.73] : 0.96
: A *
H Z

g
i
Aoz = 0.60 £0.27 g = 1:39 52 ""-__
" > hyy = u59+‘;§§—--i-
L
e
__.__

Az = 0.997043

(95%CL) Ayz<2.3

+0.17
A, =093"017

T '
000+ +0.19 ;
Az=09020.15 Rath }'l. =0.797 5 :
atner !
(95%CL) Azyz< 3.2 +0.54 !

v : m-12s36cev | Cifficult to }L =2.18, 0.46 ....I....i....l IIIIIIII Lol

| |_|2| (I \_‘1\ [ |c|J| [ |1! L 11 |2| L1 1 |3| [ compare G G-S 1 1 5 2 2 5 3 3 5
Parameter value Parameter value
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Koz=1.18+0.16

Az, = 1.097935

Awz € [-1.04,-0.81]
1[0.80, 1.06]

Ay € [-1.70,-1.07]
U[1.03,1.73]

Aoz =0.60+027
Az =0.9970%
(95%CL) A z< 2.3
Ayz=090%0.15

(959’0 C.'l_) A{Z}"}Z < 3.2

Michael Duehrssen

ATLAS Preliminary

\Vs=7TeV,4.5-4.7f"" Vs=8TeV,20.3fb"

 Most general fit within the
K-framework:

ol T  No assumption on particle
CEEEEEEEETTT T 97be 8 Tewls 54 1 (7 TeV) content in gg—>H, H—>W,
ATLA : - 68% CL
e =g E=all  H-Zyloops
w,-CMS |« No assumptions on BSM
g = 1891038 -T:— Higgs decay modes or total
romosros| width
— S * Good agreement between
—213+gi; e ———]
; ATLAS and CMS
» oseez] "' ATLAS Preliminary — Viliiivies'” _
b KgZ 1 -0.72 -0.11 -041 -047 0 -0.65 -0.15 08 >~‘<:
et _..;_ Ao B ™S
—+— Correlation - S
: matrix of - -
] < 2 |
ho-098h| e ATLA# result N -
: " 04
my = 125.36 GeV |
II|IIII|IIII|IIIIEIIII|IIII|II AYZO'SS P
-2 1 0 1 2 3 Az =5
Parameter value G B, A B A A B B, =1
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e Custodial symmetry imposes the
SM coupling ratio between the W
and Z Higgs couplings (and p=1 as
measured @ LEP)

« Measure coupling ratio A=K /K, in
the most generic model to avoid

assumptions on other couplings
* Results consistent with the SM

,)

=

-2 In AL

Some sensitivity to the relative sign between the
W and Z coupling due to tH and gg—ZH production

W h,* TR
/:/ W 1
b t tH
b t
i ) i lr-lr} lrll B

. EEEC

i i, Ir.‘

Warning: these interference effects show up;in kinematic
distributions. Reaching the limit of the k-framework!
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10F

[ I I I I I
— ATLAS Preliminary [«

T Vs=7TeV,45471" -

Vs=8TeV, 203 b

: )\WZ=KWIKZ

= Observed

===+ SM expected

2

v
0
.
‘V
Y
111 I

-2AInL

95y
/

050

19.7 6" (8 TeV) + 5.1 16" (7 TeV)
T T T T | T T T T | T T T T ]

- CMS

— Observed ]
7t Unpublished -
- ----Exp. for SMH |]
sl Mzs Mg Ayz Azgy .
- Moz Moz Koz !
5 -
) \)\WZ Kn/K,
3 - |
20 .
1f :
: ] ] 1 | ] 1 1 | 1 1 | ] 1 1 :
00 0.5 1 1.5 2
Mz
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Determination of absolute Higgs couplings

« Absolute Higgs coupling “measurements” need some theory
assumptions at the LHC to provide an upper bound on one

coupling or the width I' .. Usually: assume no BSM decays: B, =0

* Here also assume only SM particles in gg—H, H—vyy, H—Zyloops
* All results compatible between ATLAS and CMS and with the SM

ATLAS Preliminary
Vs=7TeV,45-47f"" Vs=8TeV,203fb™" 19.7 fb'1 (8 TeV) + 5.1 b’ (7 TeV)
689%CL:
95%CL: e CMS i G8% CL
ITTT | ITTT | T JI-:LIL I=| ITTT | IIIIIIII t ITT o T _QE?'JID EL
| ' K, = 0.957014 i
Kw=0.91+0.14 | W 0.13 .
K, € [-1.06,-0.82] Ky = 1 ‘DFE::Z —--—
U[0.84, 1.12] .
; . +0.19 '
Ki=0.94 £ 0.21 ! k=081 5 -.-:_
+0.33 X
—v.ou, —U. - = . e -
Kp € [-0.90, -0.33] K, = 0.74 P :
u[0.28, 0.96] '
Kee [-1.22,-0.80] . = 084019 '
U[0.80, 1.22] d 0.18 _-.-_':
(95%CL) |ky| < 2.28 K, < 1.87
mH=§125.SGGeV I PR B R R
II\IllII\llIII|\III|I\II|IIHiIIII‘IIII U U'5 1 1'5 E 2'5

-2 15 -1 05 0 0.5 1 15 2

Parameter value

Parameter value
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Generic fit to absolute Higgs couplings
 Can impose several rather

ATLAS Preliminary

oot complementary assumptions for
R N— e absolute Higgs coupling fits at the
; ‘ LHC:

 Gauge couplings smaller than SM

gauge couplings: K, s1. This is valid
for all theories with only Higgs

singlets or doublets
i * Incorporate Higgs off-shell
v measurements and require no
running of Higgs couplings:
i K =K

, on-shell off-shell for Kg’ KW’ KZ
* No BSM Higgs decay modes:
| BRi.u.=0
. =+ | «Also allow BSM contributions to the
- loops and the total width
RETEE A 1I L lgl’”'T'T?S'l%in‘? - Nice agreement between different

raneerave  @ssumMptions and with the SM
Higgs combination 30
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Higgs combination: testing the SM

g The \

Standard Model
Higgs Boson
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Summary

e Combined ATLAS+CMS measurement of the Higgs boson
mass: m = 125.09 £ 0.24 GeV

 Combinations of Run 1 measurements in each experiment
have been done for a majority of results
« Combination of ATLAS+CMS Higgs coupling strength in
preparation

 Extensive search for deviations from the SM prediction in
* Higgs production kinematics
d WW and ZZ Higgs decay kinematics
» Signal strength in all categories of all observable final states
and Higgs coupling strength

J Throughout, all results show very good consistency with the
SM hypothesis
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