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Plan

@ What do we know from experiment?
@ How fto interpret that theoretically?

® State of art
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What do we kKnow
from experiment




HIGGS: WHAT DO WE KNOW EXPERIMENTALLY

A Higgs particle has been discovered...

Significance in CMS, from CMS-PAS-HIG-13-005

‘ @my = 125.7 GeV

Decay Expected Observed

2 710 6.70
YY 390 3.20
WWwW 5.30 390 BT Vo5, ¥

bb 3.4 0 combined

Tt 260 2.80

The fact has been so firmly established
that no one cares about the significance
anymore ;-)
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HIGGS: WHAT DO WE KNOW EXPERIMENTALLY

- Most transparent information about Higgs properties from
measuring overall event rate in different decay channels...
- Presented as rate normalized to standard model prediction

ATLAS Preliminary i m, = 126 GeV l5=7TeV,Ls5.1f" (s=8TeV,Ls 196"
W.Z H - bb P—— CMS Preliminary m, = 125.7 GeV

\s=7ToV: [Ldt =47 10" u=080=0.14 ps":o'ss
\s=B8TeV: Ldtw13mt” :

\s«7TeV: Lt 46’ :
\s=8TeV: [Ldt= 130" : u=115=0.62

H-WW' 5 viv .

\s«BTeV: |Ldte 13m0’ : H— 1t
: u=110=041

H—- vy

\s=7TeV: [Ldt=dBm’ :

\s =8 TeV: Lt 207 " : H—yy

H—-2Z" > al : u=077+027
\s=7ToV: [Ldt=460" :

\s«B8TeV: |Ldt« 207 0" H— WW
' =0.68 = 0.20
Combined w=1.40+0.21 .

\s=7ToV: |Ldted6-4810" :
\s=8TeV: |Ldt = 13-20.7 " : H—2Z
u=082=+028

+1 . 15 2 25
Signal strength (u) Best fit o/oy,,
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HIGGS: WHAT DO WE KNOW EXPERIMENTALLY

- Different Higgs production processes can be, to some
extent, separated by experimental cuts

- Inclusive rates dominated by gluon fusion

- But one can choose cuts that greatly enhance VBF or W/zZ
+h contribution while keeping the signal at observable level
- Also, first reconnaissance attacks on tth

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

Combined CZMS Preliminary m, = 125.7 GeV
u=080+014 | X°=3.2 (p$M = 0.52)

gluon fusion

Untagged

u=078%£0.16

VBF tagged
p=1.02+0.34

VH tagged
p=1.02+0.49

ttH tagged
n=-0.15+2.86

1 4

4

4 2 2
Best fit cr/csSM

Thursday, May 16, 13



HIGGS: WHAT DO WE KNOW EXPERIMENTALLY

- Different Higgs production processes can be, to some
extent, separated by experimental cuts

- Inclusive rates dominated by gluon fusion

- But one can choose cuts that greatly enhance VBF or W/zZ
+h contribution while keeping the signal at observable level
- Also, first reconnaissance attacks on tth

Is=7TeV L=81f" Vs=8TeV L= 196"

Combined
p=080x014 | CMS Preliminary mH = 125.7 GeV

H— bb (VH tag) | p,,, =094
H — bb (tiH tag)
H— vy (untagged)
H— vy (VBF tag)
H — vy (VH tag)
H— WW (071 jet)
H— WW (VBF tag)
H— WW (VH tag)
H— 17 (01 jet)
H— 1t (VBF tag)
H — 1t (VH tag)
H— ZZ (071 jet)
H— ZZ (2 jets)

gluon fusion

0 2 4
Best fit GfGSM
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HIGGS: WHAT DO WE KNOW EXPERIMENTALLY

@ Currently, 2 most sensitive Higgs channels
are h = Yy and h = ZZ* —4|

@ Most favorable from the point of view of S/B
(50 discovery in h = Yy alone in ATLAS and
h = ZZ* —4| alone in CMS)

@ In both channels, kinematics can be fully
reconstructed, and mass can be measured
with ~1 GeV precision
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HIGGS: WHAT DO WE KNOW EXPERIMENTALLY

Uncornv. central o

low p_ S il .

Unconv. central L T ATLAS Preliminary
highp « L

Unconv. rest ' /

low p, | 72 Data 2012, \s =8TeV
Unconv. rest /

highp ' 7 -1
Conv. central ' 5 Ldt=20.7fb
low p. VA

Conv. central

highp_

MET Il ——— cus prefiminany
WEw T Tl L= 500 0B (MWD
Electran ; W= 0 ToV, Lo« 596 66 (MYA)

Muon . - ~l- Evnat Claca
[ Combined
Di-jlﬂ loose - - = 125.0 Ga¥
: | gy = T 0 200,25
Di-jet tight

Untagged 3

H-yy

highp ' A
Conv. transition m,=126.8 GeV

Loose high-mass
two-jat

Tight high-mass
two-jat
Low-mass
two-jat

E; " significance

Untagged 2

Untagged 1
Untagged 0

Di-jet
Untagged 3
Untagged 2
Untagged 1
Untagged 0

One-lepton

2012 data
combined

Signal strength

10
Best Fit {‘H"GSH

- Small deficit of inclusive rate:
=007 02
- Interesting excess in 7 TeV dafa in
not borne out in 8 TeV
- Mass measured at:
mn = 125.0 £ 0.7 GeV

- ~20 excess of inclusive rate:
U= 165 40,32
- Excess quite stable from 7 to 8 TeV
- Mass measured at:
mn =126.8 + 0.2 + 0.7 GeV

Larger rate and slightly
smaller mass for cut based
analysis
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HIGGS: WHAT DO WE KNOW EXPERIMENTALLY

is=7TeV, L=51Mh" \s=8TeV, L=1361#"

CME Preliminary m, = 125.8 GeV

* Data ATLAS Preliminary
H-zZ"' -4

B Background zZ"

B Background Z+jets, ff
| Signal (m =125 GeV)

Events/2.5 GeV

1s=7TeV:[Ldt = 4.6 fb"
. 1
Untagged 1s=8 TeV.ILdt =20.7 fb

Dijet tag

3
Best fit m‘ﬁsm

- Rate in decent agreement with SM

- Rate in good agreement with SM: UH=171%0.4
U =092+ 0.28 (for mh=124.3 GeV, and 1.5 for mh =
- Mass measured at: 125.5 GeV)
mn = 125.8 £ 0.6 GeV - Mass measured at:

mn = 124.310.7 GeV
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HIGGS: WHAT DO WE KNOW EXPERIMENTALLY

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

Hoyy+H-2ZZ |—™ C°’“b‘
— H—- 7YY ‘

ATLAS Preliminary — Combined
\s=7TeV:|Ldt=4.6-48 10" —H-Ty
\s=8TeV:|Ldt=20.7 b’ —H-ZZ"sw
— H—2ZZ '

X Bestfit

=
£
=2
=
o
=
“
©
=
-
n

0
9
8
7
6
o
4
3
2
1
0

my [GeV]
Systematic error? Fluctuation? Anyway, leeg worrying than last year...

Mass combination: Mass combination:
mh = 125.7 + 0.4 GeV mh = 125.5 + 0.6 GeV

In spite of some jitters in ATLAS, experiments agree
that mn is likely between 125 and 126 GeV
In this talk mn = 126 GeV
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HIGGS: WHAT DO WE KNOW EXPERIMENTALLY

Besides,

@ Evidence for Higgs in WW*—2|2v channel
from both experiments, with rate in good
agreement with SM

® Almost evidence in h—TT channel from CMS
@ bb+W/Z channel not conclusive yet

@ A few more exotic channels (h— Zy, h—=up,
Zh—invisible)
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HIGGS: WHAT DO WE KNOW EXPERIMENTALLY

@ Besides, experiments start probing
differential distributions of Higgs production
direction and Higgs decay products

@ Results presented in the context of “spin and
parity measurements”, but often relevant in
a wider context
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How to interpret that
theoretically




oome difrerent approaches

@ Interpret the Higgs data in the context of an
effective theory: systematic expansion of
interactions of a Higgs-like scalar with the SM

matter in powers of h/v and D”2/New physics
SCGIQA 2 Defaulk approach in this talk

@ Interpret the Higgs data in the context of
concrete model beyond the SM (MCHMS,
MCHML14, LstH, MSSM, CMSSM,..., NMSSM,...)
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Effective Higgs Lagrangian

[see also Contino et al., note for LHC HXSWG] ;
Double expansion:

ASSUMPTIONS
Eeff e £5O + [-"82 + et Derivative expansion
@ There is no new particles
with msmh and significant [:8"- =1 ﬁgj_) —— L:(Bl) . = :
Ca = ik V expansion

coupling to the Higgs
Since currently (and for looong time) no experimental
access to terms with 2 and more Higgs fields, only

lowest non-trivial order (1) in h/v expansion
considered here

Higgs is a scalar particle (spin-0, positive parity)

Higgs has no flavor-violating coupling (within generations of up quarks, down
quarks, and leptons, couplings ratio scale with mass)

Custodial symmetry (couplings to WW, ZZ, Zy and Yy not independent)
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Effective Higgs Lagrangian

9 L By .-2 - e S N
cy2my W, W, tevimz 2,72, + ) > | CqMg,qigi
g=udd 1=%..'3

Infinite number of parameters
but for a given process at a
given precision level only finite
number of parameters enter

Custodial Flavor

parity
Given QCD/PDF uncertainties,
unlikely we'll ever need to go ]
)

beyond 2-derivatives (1) , ~Ya a , ; B r
7 YD 1o {'(,‘;(}( +(A-f. ‘4/11/‘4/”/ +2(Z‘- /1”,.4;,,,

' IS/

integrate the Goldstone bosons

back) ; gy
» ¥

SM limit: Fev (W, Uw“}i}v.a' h.c.) + kv 2,0y Zyy A

q g Jy
-all O-derivative couplings / 4
Custodial

-all 2-derivative couplings
equal O

Unitary gauge (but trivial to : | gr W W . ‘ .(/'13/ = _(/f,
i : : CZ~ pv '’ pv + | Cyy T

(.Z“.> Z/II"Z[II-’
gLygy :

gL s
IL{\.Z;,(,)I;A"//}/ | yiv. e
g (fermions
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Effective Higgs Lagrangian
POSSIBLE
EXTENSIONS :

Qe .
o Add paritysviolaling e e cww Lt
interactions YEu,d,l

o Add invisible particle h

coupled to Higgs, so as to A Cy — XX

allow for invisible Higgs v

width

h 2

@ Drop custodial symmetry eg i N\L = ACV —mZZ“ Zu gt sl

assumptions v

Quadratic divergences to T/U parameters - use with caution!

@ If they discover a new

particle at the LHC, I'll

be delighted to add it fo

the effective

lagrangian ;-)
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Not anything goes

@ Higgs contributes o 2-point functions of
electroweak gauge bosons, whose physical
combinations (summarized into oblique parameters
S,T,...) are well measured at LEP LEP1+SLC 4y

@ In the SM, Higgs+SM loop contributions fo oblique
parameters are finite

o But when Higgs has non-standard couplings (or
coupling values) corrections to oblique parameters
become divergent

@ If no custodial symmetry, quadratic or even
quartic (when k-couplings present) divergent
corrections tfo T parameter

@ But even with custodial symmetry quadratic : o i
gy kv(bey +9cww + 17ky) o

divergences may arise if kV#0 AS = s 5 3 o
Hence KV must be tiny and irrelevant for S =

Higgs phenomenology unless we allow

fine-tuning in the nfattowihg we sek kY=o
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Simpler effective theory keeping the leading order parameters
relevant for experimentally probed Higgs processes

2

2m? iy
£t %4 *+ 7 VA
Lops = - LR, W L1237,
m™m & m = m —
o E ¥ e - h U;U; — E B h d7d, 5 E ! h ZJ,
v v v
u,c,t d,s,b SR e T,
h <l
43 4y ( A v A 137 82 A 7 I/A;,L v TCzZ A UV A pv + 2c 24%4 W U ‘V;z/ = GZUCZU)
2 p
99y gL
85 A — e s CWW — =
gLgy gy

@ Simpler effective theory with 7 free parameters

® Standard Model limit: cv=cr=1, cgg=Cyy=Czy=0
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Efrective theory and EWPT

Even with these restrictions divergent (but only log)
corrections from Higgs to oblique parameters

> When coupling to mass deviates from SM

SgEt s
ol ~ - g},) (({) . I)Bg(z\/r'lz.z).

&
QLI

b 9Lgy 75 {2919y (1 — %) + 6ey 12959y Cyy + 24 (g5 qy)]

45 (‘/1 + (/}

2

T .(/‘i‘)’)("m(fzq} } log(A/mz),

aW ~ 15{)’;2 ((;,-, + 5 (*ZA,> log(A/mz),
927 gy - When 2-derivative couplings are present
oY =~ (}1 : <('Am — gy(‘zf\> l()g(ﬂ\/!”z) .
19272 P gr e 7
Using STUVWXYZ parametrization of Barbieri et al from hep-ph/0405040:
_ N Ay ST1LY — 611 493 P
aS = —4 j)][“h > 5H,(;2. ol = ——— el s 9y <5H121) OH:(;.T);))
5 - gy ¢ myy, (]L 4E (1}
aX = fmeH;ﬁ}- aY = *’”.\JVJH};};- aZ = —miy Iy

. 9: (S srr(4): 3 2 “orr(4)
aV =m¥ ((5H11 — 0113, ) ool = —flzft'(')H:H :

STWY are singled out because they correspond to dimension-6 BSM operators:

S(gr+gs), e ORI S oW i 7ol :
LT 9Y) (gtos myws Buy — ——|H'DLHI? = ——(D,WE,)? — —5(8pBuv)’
I‘A’-‘

dv2gLgy

Qv 2
»lmw

v
1112u
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Effective theory and EWPT

LEP1+SLC+my

CV<1 iS llke heavier H|995 Barbieri,Bellazzini,Rychkov,Varagnolo,
cV>l is like lighter Higgs ek
Stringent limits on ¢V from EWPT alone:

EWPT 70402013

0
095 100 105 1.10 1.15 1.20

Cy

Unless tuned against other significant contributions to § and T
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Efrective theory and EWPT

2-derivative couplings also constrained by EWPT, though less strongly

395 i
ol =~ - f]},) ((?‘\2' 1) log(A/mz),

+3 |grgy(c7., — (:) ) — (¢ B a5 C~r~nCz~ | ¢ log(A/mz) , This combination enters linearly (when cV=1)
9gLgy \Cz, YAy 9L — 9y )CyyCZH 5
. and therefore is strongly constrained

2

. gy Jgr ;

oW ~ IL = | Cyy ‘—”r(fz-‘, log(A/mz),
19274 e QY |

oyl

g4 g

oY ~ 22l ekgo scpillog(A/mz),
1927r= X

EWPT: cy=1, A=3 TeV

Orthogonal combination of cyy and cZy enters
quadratically, and therefore is less constrained
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Effective theory: decay

F'r'r
SM
P’T’T

rrm 5 ‘(‘i‘llj
I

Cgg = Cgg +107%[1.28¢c; — (0.07 — 0.17) cp)

T3 |c’r|2

l‘f’.rm ‘S.\llil 2

Naive one-loop results

F"r‘ 6 { (A‘” D ’ :
F§}1 o (qu{\q‘ .SM | E

Ery = Cyy + 1074 (0.9% ¢ — 0.21 c,)

Y ¢4

87 €z, 4
TS = Jezy,sm?

ézy =cCzy+107%2(1.49¢cy — 0.09¢;),

|(A'Za,_5‘\1’ ~ (.014
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Effective theory: production

5 Gluon fusion (ggF), gg—h+jets

gluon fusion

Vector boson fusion (VBF), gq—hqq+jets

Vector boson associated production (VH),
qg—hV+jets

Top quark associated production (tth),

gq—>tth+jets

Production rates: O'ggp % Iégg|2 OVBF F | ‘2 Otth 3B |C |2
e, ekl o Ton — 1Ct
Ugé\%’ Cgg,sMm|*  OVEBE Oin

Significant effect of 2-derivative couplings on VH production modes:

U“,’H . ‘ » € ¢ ¢
o (?%/ —1.0¢cyez, —0.0Cytasiat 2ihg (:%ﬂ], + 9.0 (:3,m W22 C7Cyn,
O.-s,”' ' ' ' /

WH
OZH 2 ‘ , : -

o = Cy — 9.1 CyCzy GlEge = 1430 C%v + 4.3 cf,}, '+ 1oilczc\q
o )

ZH
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Effective theory: rates

Observables are rates in various Higgs channels, which are convolution of production,
partial decay and total decay width
e.g.

~ggliess
fatn

Iégg|2 |é’Y’Y‘2 1

@ |ng sM |2 |C’Y’Y sM | Ctot

Y 2 I_‘t,()t, ‘ (](]'2
\(“,,l“:r ~ 0.56¢; + 0.03¢? + 0.06¢2 + 0.26¢%, +009
tot,SM

Furthermore, rates measured by experiment typically depend on different production
modes (sometimes event different decay channels)

e.g.

~THM2J _ ,THM2J nggF | THM2JSVBF | THM2JAVH | ,THM2J ~ttH
Py = €ggF . Py T EVBE Tilagd ey SRR L.

247 767 0.1% 0.1%

Thus, effectively, each observable depends on all parameters of effective theory
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State of Art

Disclaimer: gimilar or exactly the same fite done independently by numeroug theorist groups;
too many to cite them all, 2o in thig talk no referenceg at all, 20 ag not to mige gomeone ;-)
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Global fits

@ We fit couplings of the effective theory to available ATLAS, CMS,
and Tevatron data and EW precision tests from LEP, SLC, Tevatron

@ Starting with unconstrained 7 parameter, than moving to
constrained 2 parameter fits motivated by new physics models

@ Assuming errors in different channels are Gaussian and
uncorrelated (except in EW precision tests)

@ But taking into account the efficiencies of various subchannels to
different Higgs production processes, whenever available
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CMS

ATLAS

Category

fi

Category

ji

VBF+VH/ggF

0/1j
VBF
VH

0.77 5%
0.7320%
—0.05:7

0.511332

Ref.
m

(8]

untag.
dijet

0.86703%

1.247358

incl.

+5.6
— 1 '8-5.6

0/1j
VBF
VH
ZH(I*17)
ZH (vv)
WH
ttH

0.7713%8

1.42:580

0.98715

1524123
176205

+0.92
0'64—0.88

-0.15723

UnCe, low pry
UnCe, high pry
UnRe, low pry
UnRe, high py,
CoCe, low pp¢
CoCe, high pry
CoRe, low pp,
CoRe, high pr,
CoTr
L2j(high mass)
T2j (high mass)
2j (low mass)
Ep'=

11

(0.5+14)0.87+073
(0.2439)0.96- 4%
(2.5%17)2.50207
(10.4+37)2.6971%
(6.1737)1.397 555
(—4.4+18)1.98+138
(2.7129)2.23+1-14
(1633912715
(0.335)2.78%1 72
1780
1y
(2.7+19)0.92+18
297737
260+ %

ww

VBF+VH/ggF

135135

V4

Zy

—-

incl.

incl.

1.3510%

+6.5
2,616

r

bb

VBF+VH /ggF
VH

0.742%

-0.4111%2

Table 2: The LHC Higgs data included in our fit [4]-[16], [30]-[32]. The rates are normalized to the SM
rate; when data for 7 and 8 TeV are separately provided, we write the former in brackets. We also include the
latest combined Tevatron measurements: fi,, = 6.2732 fww = 09703, ALY = 1.62°07, 4,, = 21732
[33]. For the ATLAS WW and 77 and CMS 4+ channels we include in our fit the two-dimensional likelihood
correlations of the signal strengths for the ggF+ttH and VBF+VH production modes.
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Effective Theory Parameter Fits

2 23,
oot 2 RN B 7

v H v

Mg, Mg mq
Z ) ?UsU Z i l ( 2 C Z ?

u,c,t S e, L, T

G
4v (

Because its fun Why ft?

Because it may gives hints what kind of new physics could be
realized in nature and prompt new theoretical directions

y ¢ : 9n ‘ * ya oa
“’1;11/*4;11/ 2 Z}“/‘A/J.I/ +CzZ Z;U/Z/u/ i 2('”'“" 12 ;11/II G x )

Uy puv ™~ py

For example: fits to early Higgs data were suggesting ¢V > 1, and
prompted studies of Higgs sectors with triplets where it's possible

For example: fits fo early Higgs data suggesting large new
contributions to cyy prompted more in-depth studies (collider
pheno, stability, etc.) of theories with light charged particles
strongly coupled to the Higgs

Ultimately, to prove its just the SM in a model independent and
prejudice free fashion :-(((




Effective Theory Parameter Fits

¢ 23 .
) 5 b i PR - a0
Lojr = —Zhiilea —2hZ.7,
m P m ~ m -
— E e l) U;U; — E *lh (12‘(11' ol E *ghlzll
u,.c,t U d.s.b ¢ e, L, T ¢
e
y ¢ e 'y 4 7 ) Vs Y Ya
P {v ( “’1;11/*4;11/ T 2 Z}“/‘A/J.I/ 3 Czz Z;U/Z/u/ v 2(“"“" Ii ;11/‘1 Y T ny ’;11/)

Should theorists ft?

@ Asympftotically, no...

@ Theorists cannot properly fake into account all systematics and
correlations

@ OK as long as the errors are dominated by statistics, but we're
close to the point where they are not
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Comparison of naive and professional fits
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