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Overview

* The latest CMS Combination was performed
on the Moriond ’13 dataset:

— Released as preliminary PAS HIG-13-005

— Full 2011 + 2012 luminosity used for all analyses
except Hbb, VBF HWW (HCP) and ttH (ICHEP)

* The main results presented in this talk will be
from that combination, but some updates
from individual channels will be mentioned
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Signatures explored at CMS

incl. (ggH) VBF tag VH tags ttH tag
bb 4 v 4
TT v v v 4
ALY v 4 v (3¢, Vjj) 4
ZZ v 4 (V) (V)
YY v v v v
Zy v v
u v v
invis. v v

v/=full 8 TeV dataset analyzed, often full 7 TeV too
(/) = signal yield is however dominated by other
production modes (VH) or decay modes (ttH)
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Moriond ’13 combination

incl. (ggH) VBF tag VH tags ttH tag
bb v (5+12fb") v (5+5fb™)
TT 4 v 4
WWwW 4 v (5+12fb") ¢ (30 only)
ZZ 4 v (V)
YY v v v
Zy 4
b
invis.

v'=full 8 TeV dataset analyzed, often full 7 TeV too.
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Signal strength results

* Results from the individual modes close to the
SM Higgs predictions: can probe the couplings
by expanding around that reference point.

\s=7TeV,L<5.1fb" \s=8TeV,L<19.6fb"

CMS Preliminary {s=7TeV,L<5.1fb' \s=8TeV,L<19.6fb"

6 [ SALMLEALAS LS

T

Combined CMS Preliminary m, =125.7 GeV E
= of i- . —

u=080+0.14| p  =0.65 L

>

=.

H— bb
n=1.15+0.62

H— 11
u=1.10+0.41

H— vy
1w=0.77+0.27

H— WW
1 =0.68+0.20

H—ZZ
n=092+0.28

1.5 2 25 -1 I
Best fit G/GSM
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W(VBF+VH)/u(ggH) ratio

* Alternative presentation of u(V) vs u(F)

* In this case, it is possible to combine results as
the V/F ratio is independent from the BR’s

CMS Preliminary {s=7TeV,L<5.1fb" ys=8TeV,L<19.6fb" CMS Preliminary {s=7TeV,L<5.1fb" ys=8TeV,L<19.6fb"

—'10”""”"””];léo'mbi'néd """ _l10""l""l""]""l""l"“;
< olt — Hot < ot — Observed E
< i — H->WW < 1 ----Exp.for SMH |
o 8H — H->2Z o 8R . -
1 N — H-oyy 1 ' .
s E 4t E
6 - 6l 3
55—\ / 51 E
4k - 4E -
3 3
2f 3 21 3
Ui i 1 :
8 W r—r— :III“\J 'l IlI!‘IIIIlII Illll\:
0O 1 2 3 4 5 6 0O 1 2 3 4 5 6
nooo /0 nooo /0

VBF,VH ' ggH,ttH VBF,VH " ggH.ttH
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Couplings

* More properly defined as searches for
deviations from the SM Predictions in the
scalar couplings (LHC XSWG, arxiv:1209.0040)

— Define a set of parameters for the models

— Scale the SM production cross sections and the
partial widths of the SM decays as function of
those parameters.

— BSM decays, when allowed in the models, scale
down the BRs of all SM decays uniformly.
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Couplings: outline

* LHC XS WG benchmark models:
— Fermion vs Vector boson couplings: Kk, K;

— Search for asymmetries: Ay, Ay, A
— Search for new physics in loops: K4 K, BRggy,

 Simultaneous fit of all couplings
(also w/ indirect limit on BR;,, from k,, < 1)

* Couplings vs particle mass
* 2D limits ink, Ky,
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Couplings: Kk, K;

CMS Preliminary \'s =7TeV,L<51fb" {s=8TeV.L<19.61b"

i 4 SM nggs 0 Fermlophoblc o Bkg. only

ICHEP (HIG-12-036)

1'5 T cMs Vs=7TeV,L= 51tb'F 8TeV,L= 53nr’
- + I { SM Higgs O Fenmophoblc 0 Bkg. only
1
0.5+
oo
0




HC'13: 15/10/2013 G. Petrucciani (CERN, CMS) 10 C
E@Aq =
I, \
[ ] im) \

Couplings: Ky, K

CMSPrellmlnary |s 7TeV,L<51fb" ys=8TeV,L<19.6fb"

s 207 AT LA LLECEELLL :
B KV’ Kf h °
1.8[ E W/Z bosons Fermions
- 1 qo iy e TTev Lot s Te L oot 10 SMS Prelminary s -7 Tev, L <51 15" Vs = TeV. L< 196"
18] — S T A e T e s
1-4; :...' - E 8; ) ---- Exp. for SM H ] (ﬂ 85— - Exp.for SMH ]
- S0 Ny 1 4 ER 3 E
Pl \ o ERG S :
1.0f- L | 4 5 ER- 3 :
- P i 1 4 4 4 s
O-ST ol /i 4 3 E af £
0.6]- L\ 1 2 ‘- *
- N, = s ke i ,
o 1 gl Abpd g Mol
0.2 ] Ky (k; profiled) K; (y profiled)
O.8VO| T S S |0151 T N B 11101 I N N N N B 11{5 [0381’ 0097] @ 16 -0371, 1.11] @ 10
. . . . o B o
k. [073,1.05]@ 95% [0.55,1.31] @ 95%

* Good compatibility with SM hypothesis seen.



HC'13: 15/10/2013 G. Petrucciani (CERN, CMS) 11 C
E@q =
L

Ky, K¢ prefer positive couplings

CMS Preliminary {s=7TeV,L<51fb' ys=8TeV,L<19.6fb" CMS Preliminary {s=7TeV,L<51fb' {s=8TeV,L<19.6fb"

}2—2.0_ """"" T T T L R T | 10: """"" S B RS R I AL
- R 1 £ oF N/ — Observed B
1.5p e, E < - Exp.for SMH [
5 Ry N\ . o 8F | &
1.0_— [ ) : ] ! - ) .
: AN : Us | E
0.5 e . 6 _f
0.0 - 5[ 3
0.5 o ] Ar .
: ] 3f =
-1.0p S . : .
- 1 2:— -
s E 1 ‘ :
_2.0_ ||||||||| R R R S A S Lo v v v 000 1 0:\ ) pobv v el 3 /| T .
0.0 0.5 1.0 1.5 -2 -1 0 1 _ 2
Ky K; (xy profiled)

* Anomalous K. < 0 disfavoured at about 2.70 for k,
profiled (and even more strongly if assuming k,, = 1)
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K > 0: teamwork explained

CMS Preliminary \s=7TeV,L<51fb" {s=8TeV,.L<19.61b"

i . o SM Higgs ® Fermiophobic [ Bkg. only

Ky

Exclusion of K, < 0 joint
from combination of:
* VV modes: Kk, > 0.7
 TT boosted: |k,| ~ 1
(tt VBF sensitive to k)
* yy: reject (Ky Ke) = (+1,-1)
as it would imply
BR(Yyy) ~2.3*SM

However, this is just one
benchmark model; other
tests for k; < 0 (e.g. tH)

0 0.5 1 1.5 still interesting as probes

of different BSM physics.
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5.0p
4.5|
4.0
3.5
3.0
2.5
2.0
1.5

1.0F

0.5
0.0

Custodial symmetry

Only o/1 jet ZZ, WW. k; fixed to SM

CMS Preliminary |S 7TeV L<51fb \s 8TeV L<196fb
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H— VWV (0/1 jet)
Az KT .

T

LN

— Observed

--- Exp. for SM H

||||||||| | |

/
\
a1

0 05

R

5
Mz (K; =

[0.75,1.13] @ 68% CL
[0.60,1.40] @ 95% CL

1)

Most direct test of the ratio
of W/Z couplings from
event yields in 0/1 jet
categories.

(production is dominated
by ggH for both channels)

Mww ~ (Awz Kz )?
Mzz ~ K°

K,> can absorbe also any
deviation in o(ggH) or I, ,



Full combination can exploit
information from:
* WH/ZH tagged modes

* VBF production cross
section, as Ws and Z’s
have different weight.

* BR(yy), sensitive to Ky

-2AInL

In this case, floating also
K (affects o(ggH) andT, )
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Custodial symmetry

5.0f
45|
4.0
3.5}
3.0}
2.5
2.0}
1.5}
1.0f
0.5
00—

All channels. k; profiled.

CMS Preliminary ys=7TeV,L<51fb' \s=8TeV,L<19.6fb"
LI L L I llll\l|7

LI ‘l l\ll‘\ll'l\l,l[l\
}‘WZ’ Kz, K; — Observed E

----Exp. for SM H |

[0.73,1.00] @ 68% CL
[0.62,1.19] @ 95% CL
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Custodial symmetry

Only o/1 jet ZZ, WW. k; fixed to SM All channels. k; profiled.
5. oCT'V]'s, el s T TV, L<oi b s BTV Letos | 5.0 Premay e TV L5 b Ns BT Lol
< 45 H2W (0/1jet) [ — Observed 1 S450 Tk — Observed |
N a0l Mz Kz, X X - Exp.for SMIH | 3 40k - Exp.for SMH |
" 35) EIY & " / -
3.0 "-, = 3.0 ' / -
2.5/ - 2.5/ 3
2.0F "- ' 3 2.0F "-, -
1.0f ; 1.0f '\
0.5/ -/, - 0.5} =
0.0y g T 0005 15 2
Myz (K =1) Mz

* Consistent results with the two approaches.
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Leptons vs Quarks
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5.0
4.5}

4.0

3.5}

3.0
2.5

2.0f

1.5
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Fermion universality

CMS Preliminary ys = 7TeV L<51fb Vs=8TeV,L<19.6fb"

L LY

:' — Observed

:" ---Exp. for SMH |-

IIII\

0 1
[0.89,1.62] @ 68% CL Mg

[0.57,2.05] @ 95% CL

2

“‘3

3 parameter model

* Ky: scales W, Z couplings,
and also most of BR(yy).

* K4 quark couplings, and
so also o(ggH) &I, .~ T,

* A = KK, coupling to T

Deviation of A, from unity
expected in some 2HDM.

Measure Ay, > 1since pu(tT)is
larger than the average.
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Fermion universality

Up- vs Down-type Fermions

CMS Preliminary ys=7TeV,L<51fb' \s=8TeV,L<19.6fb"
UL LB L

5.0
4.5
4.0F

L ‘I.I | ‘l L ‘ T [ ' L L L
)Ldu’ Kys Ky — Observed
1

----Exp. for SM H

‘ITN\‘\\\\

3.51
3.0F
25
2.0
1.5)
1.0

0.5}

0.0k

s ’
L1} 1

0

\II‘IJII\ 'lllflllf
0.5 1 1.5

‘112

[1.00,1.60] @ 68% CL *a.

[0.74,1.95] @ 95% CL

3 parameter model

* Ky: as previous model.

* K, top quark coupling,
mainly through o(ggH).

* Agu = KylK, coupling to
Tandb (andsoalsoTl,,,)

Motivated by MSSM-like
Higgs sectors.

A4, > 1driven by low VV, yy
vields compared to bb, Tt
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Search for new physics in loops

* Effective couplings to
gluons and photons 207 e T

. 1.8]- v -
in good agreement 6
with SM predicitons. 14} :
12F e | -
e Note best fit k. ~ 1, L Co—=lm E
. . Y 1.0 / N .
with Kk, <1, in line 08l \\@ \/\ S
with g <1in WV o T
0.4_— __
modes as well. 0.of E
o005 10 15 20
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Search for new physics in decays

CMS Preliminary ys=7TeV,L<5.1fb' \s=8TeV.L<19.6fb" CMS Preliminary ys=7TeV,L<51fb' \s=8TeV,L<19.6fb"
_l 5_0j lllllllll [rrr T T 111 T1 1 111117 Y AL | L ] QJ) 3_OP lllllllll I lllllllll | L I llllllll :J“wx:' rrrrrr ]
E 4 5 i K'}” Kg, BRBSM — Observed —j ; KY’ Kg, BRBSM s -
< - ----Exp. for SMH |7 2.5 -
(Q\] 40__ N — - .
! - ; 7] i : ]
- o J - - -
3.0p @ 95/’ CL ; = i . : .
2.5 K =
2.0 , E
1.5F -
1.0F
0.5 E
0 O L —|‘|'[—|’| NN TEEREEE | FEEEEE FEE o IR EEEE B
0 0.2 0.4 0.6 0.8 1

 Constrain total width from observed ¢-BR’s assuming SM
tree-level couplings (but loop-induced couplings free)

* Degeneracy of BR;.,, with gluon coupling from o(gg—>H)

* Note: not using direct searches of H=>invisible for this
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Fit six couplings at once

* General parameterization with 6 couplings,
and the following assumptions:

— Custodial symmetry: k,, = K, =t Ky,

— Charm quark coupling scaling as top quark one
(and similar ones for rarer decays like , s, ...)

— No BSM decays. If there were, they would just
scale down all measured k by sqrt(1-BRgz¢)
i.e. in models with BSM decays this assumption
is just a choice of coordinates in a space with
(N+1)-dimensions of which 1is not measured.
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CMS Preliminary {s=7TeV,L<5.1fb' \s=8TeV,L<19.6fb"
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G. Petrucciani (CERN, CMS)

Fit six couplings at once
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CMS Preliminary {s=7TeV,L<51fb' \s=8TeV,L<19.6fb"
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Total width with free couplings

* If no assumption is made, all couplings are
degenerate with the total width:

— All 0-BR scale as &4/ (k2 T+ Taem)
* However, in most EWSB models k,, < 1

* If that constraint is imposed, one can put an
upper limit on the total width with no other
assumption on the other couplings.

* Direct H-invis searches not used in this fit.
Note that in the general scenario they can
only provide a lower bound (BR;,, =2 BR,,)
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Total width with free couplings

CMS Preliminary {s=7TeV.L<5.1fb' \s=8TeV.L<19.6fb"

5_0 [T T T T T TTT] [rrrrrrrod I | L y BN R -]
4 5; Ky Ky KVS‘I J — Observed

- K., K., K,, BR
40: b* T BSM ---- Exp. for SM H

b

* Upper limit to
BSM decays
imposing kK, <1: 5>

3.0
BRgsy < 0.64 :

2.5 ;

@ 95% CL 2.0/ E
1.0} - :
0.5}

OO: _—1‘1’1‘1’111111111111 11111 EERE NN NN EEE RN
0 0.2 04 0.6 0.8 1

-2AInL

pbr T
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Summary of coupling results

* Results for all the
LHC XS WG modaels

* Each block of points
corresponds to fits
from one model, all
on the same data.

* Approximate p-vals
of SM H hypothesis
given for each test

G. Petrucciani (CERN, CMS) 24

{s=7TeV.L<51fb"' \s=8TeV,L<19.6fb"

CMS Preliminary ¥ 68% CL
' w= 95% CL
+.
Al R — — Pay =037
Mz e p,,, = 0.41
.*
| = b Pey = 039
.*
O i T — Pey = 049
Ky _*.E.
K +.
o b —— Pey =023
BR = 0.41
BSM p
| | | SN

| S | | | | | I |
0 0.5 1 1.5 2 2.5
parameter value
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Summary of coupling results

{s=7TeV.L<51tb' ys=8TeV.L<19.6fb"

* Results for generic CMS Preliminary - 65% CL
fit of all couplings N 9% CL
» First 6 paramaters ) 5
b_*_
all from the same ;
simultaneous fit | T—
(but uncertainties Y —
are correlated) ‘. '
* Lastis BRggy, from . .
. v el P, = 0.78
fit with .KV <1 R [K ..... <1]o .......... 0 88
constraint S T v=11Pg =058

0051152253354455
parameter value
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Couplings vs mass

* We usually say “the Higgs boson couplings are
proportional to the masses of the particles”

* More precisely, Feynman rules have
f Hf V
H-- - Ae=mg [V H-—-¢ g =2mi|v

f L‘% V

* Make a summary plot with all “couplings” linear
in mass using A, and sqrt(g,/2v)
[e.g. Giardino et al, arXiv:1303.3570]
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Couplings vs mass

Perform fit to full

CMS combination,

resolving gluon
and photon loops
in terms of tree-
level couplings.

Define couplings
from the kappa’s:
Ac=Keme [ v

gv =2 KV m\z// v

G. Petrucciani (CERN, CMS)

A or (g/2v)"?

10"

27

CMS Preliminary s =7 TeV, L<51fb \s=8TeV, L<196fb

| 1 |

llllll lllllll LLJ LALLLLLLL

i top coupling

- |==68% CL from o(ggH) .
= _950/0 CL \ _:‘
5 ,,f 5
b :
- T —
: note: usmg running mb(mH) :

| | | 1111 ll 1 | 1 1 111 I
1 10 20 100 200

mass (GeV)
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Limits on y vs Zy couplings

CMS Preliminary {s=7TeV,L<5.1fb' \s=8TeV,L<19.6fb"
T ety vty ey rrrrad

* Search for BSMin . L \ o
loops (gg, vy, 2y) = | U7
 Assume all other

tree-level couplings
to be asin SM.

e Setlimitsonk,, K
. Ry
plane profiling Kk,
* Interesting for some
BSM scenarios like

------
- S
- e
o .

Or coab oo gl b b Ld
composite Higgs. | | | ' K,
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Beyond Moriond’13: core

New Run | results bringing in more precision:

* H—bb: VH with full luminosity (20% better),
and new VBF result (1.4xSM sensitivity on )

* VBF H—=WW with full luminosity, and improved
analysis: 30% better sensitivity.

= 6 R o e o
s [ CMS Preliminary e CL Observed ] % E I I I I I I | | E
B [ Vs=7TeV,L=5.0 fb! ... CL,H125 injected 1 \O i VBF H - WW — 2I2v (Shape) |
S 50 {s=8TeV,L=19.0 fb" e whony ] o) i — Observed i
2 | VH(bb)+ VBFH(bb) combined gy ci’Expected: 10 c L e Median Expected
e B CL Expected=20 | (@) 7 Expected + 10
3 r ] =10 Expected = 20 —
= 4r ] £ —— m,=125 GeV Injected
O 5 . H— Injected = 1o,

o [ ] - Injected = 20,
2 3 = @) |
3 A
£ o 1
5 S
2 r
N
ITo)
o
1 107 E
'—[IIIIIIIlIlIIlIlIIII‘IIIIL III1|IIl|IIII|IlIIJIIII‘IIIIlIIIIlIIIIlIIlI
110 115 120 125 130 135 110 120 130 140 150 160 170 180 190 200

my, [GeV] Higgs mass [GeV]
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Beyond Moriond’13: top

* ttH: full luminosity analyzed in bb, yy, T, T},
and multi-lepton final states:
reaChed 1)(SM SenSitiVity _CMSPreIiminary, 5=8TeV,L=1951b"; tl'§'=7TeV,L=5.0fb"

- C _ —
8 ttH, H— bb, 11, vy, WW,ZZ | _op d
' 6 £ serve
on u(ttH)! (was 2.6xSM 5 2
78 my=125.7 GeV/c
. y o +--- Expected
n _ +1.09 .
at MOrlond 13) 6 utfH—2.52 -0.98
CMS Preliminary \s=7TeV,L=5.0fb"(s=8TeV,L=19.5fb" 55_
Y - ——— -
bb [~ ——
Hadronic tt |— i
a4 .
8l  boundary from —
Same-Sign 2| |- N(“.S * b) 20 ——
Combination |— —i—

Best fit o/og,, at m,, = 125.7 GeV
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Beyond Moriond’13: rare

* Progress also in rare Higgs
boson decays:

— Zy including VBF-tag: 20%
better sensitivity compared
to the Moriond 2013 result

— H—uy, inclusive + VBF:
~3xSM sensitivity on L.
i.e. in absolute terms
BR(up) to 1% of BR(tT)
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Beyond Moriond’13: invisible

Two new analyses: ZH (Z—0¢) and VBF
* Combined 95% upper limit on BR(H—inv):
— Observed 54%

- CMS Preliminary — Observed
—E Xpe cted 4 6% 1'4:_ Combination of VBF and S5 Expected (68%)
s ZH, H-invisble | Expected (95%)
1.

- (5=8TeV L = 196/ (VBF + ZH)
C 5=7 TeV L =5.1/fb (ZH)

* Will allow for combined
fit with no k,, constraint
and assuming instead .
BRgsy = BR(H—inv)

0.2

—
TT

95% CL limit on BFinv

=
o
T T
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Conclusions

* Comprehensive set of Higgs coupling fits done
for the Moriond’13 dataset at CMS.
— No significant deviation from SM predictions
observed within the uncertainties (10-100%)

* Since then, many new analyses have been
performed, and all updated to full dataset.
— Significant gain in sensitivity in many modes,
will be visible in the next CMS combination
— The SM Higgs predictions look quite solid

“I don't know anyone, beside scientists, who is
thrilled when discovering that he is wrong, and
disappointed when everything works as expected”
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Providing the Likelihood?

* The real likelihood function is a too nasty
beast: needs dedicated C++ code, O(1000)
nuisance parameters, slow to evaluate, ...

* We could provide profiled likelihoods in the
Hyvervi — Mggn 1 Plane for each search.

— Allows building an approximate likelihood for
any model with Ky, = Kz and Koy = Kyy

— Correlations of experimental uncertainties are
small if we don’t split channels too finely

— Other options could be discussed if there’s
genuine interest, but are harder to realize.
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Theoretical uncertainties

CMS Preliminary ys=7TeV,L<5.1fb' \s=8TeV,L<19.6fb"

Il 1 \ T | T ‘ 1 ’ l
M Hore M

ggH’ H — all uncertainties%E

—
o

* Current measurements are still
dominated by experimental
uncertainies even for u(ggH)

* Theory uncertainties can’t be
fully factored out in general
(e.g. there are uncertainties on
backgrounds, acceptances, ..)

* So far using log-normal
prescription for THUs.

* For next results will evaluate 05 T
also DFD pdf, or any other new Hogt
and agreed-upon prescription. — +0.15 +0.09

pgg” 0.69 -0.14 -0.05
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