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[ Just the beginning...

over the last ~1150 days...

Questions to answer after the discovery

LONTINE

THE SEARCH * Is this the Higgs boson of the SM ?
* Are the signal strengths as expected in the SM?
* |s the new boson a scalar, and not a
pseudo-scalar or a tensor?
k‘ﬁim » Does it couple to itself?
* Are there any other Higgs bosons to observe?
* Is this Higgs boson a window to new physics ?
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. @J o LHC is a Higgs factory

Luminosity (25 fb-1) * cross-section (20 pb) = 0.5 M Higgs per experiment!!
Only one in ~1071% events contains a Higgs boson
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. @J GOTTINGEN Higgs decays: major decay channels

Plays a role in electroweak symmetry breaking

# events per
experime

500
goren ) (B (wewwen
W= | W= o(my) = 20%
Mass re / \ /
60 H—bb
a(mu) = 10% o(mu) = 10-20%

Higgs field serves as the source of mass generation
in the fermion sector, through a Yukawa interaction
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 LHC Run | tells us there exists one CP even scalar boson.

* Its measured mass is 125.09 £ 0.21 (stat.) £ 0.11(syst.) GeV.  Phys. Rev. Lett. 114 (2015) 191803
« It was observed in the bosonic decay channels: ZZ, yy and WW.

 There is evidence that couples to t*t".

* Preliminary combined analysis of all channels presented in July 2014.

* In the last months: coupling measurements!!
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. @J GOTTINGEN Today: coupling measurements !!

Eur. Phys. J. C (2015) 75:212 THE EUROPEAN ‘
DOI 10.1140/epjc/s10052-015-3351-7 PHYSICAL JOURNAL C

Regular Article - Experimental Physics

Precise determination of the mass of the Higgs boson and tests
of compatibility of its couplings with the standard model
predictions using proton collisions at 7 and 8 TeV

CMS Collaboration*
CERN, 1211 Geneva 23, Switzerland EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

| Eur. Phys. J. C 75 (2015) 212
s @

X/~
., Submitted to: Eur. Phys. J. C CERN-PH-EP-2015-125
- 17th July 2015
L Measurements of the Higgs boson production and decay rates and
A coupling strengths using pp collision data at Vs = 7 and 8 TeV in
S the ATLAS experiment
arXiv: 1507.04548 The ATLAS Collaboration
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What is included in the combination?
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. @J cormaen o Several channels...

%’:Séi' g "\%5'5
¢IOITIN
Production i
>
. ggH VBF VH ttH
S H->ZZ(4l) v v v v
o
o H->WW(2i2v) v v v v
H->vy o/ v/ v v
H->tt v v v v/
H->bb v v
Rare channels: v v
H->uu
v H>Zy
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. @J GOTTINGEN Review: Higgs production

Gluon Fusion (ggF) Vector Boson Fusion (VBF)

q Wiz g Z g

Associated production with top quarks (ttH, tH, WtH)

g t/b q 7

g i/b g b
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Review: Higgs decays and couplings

" ~ f T ‘I T T T I T T T I E T T | T T T T T I—:2
e to fermions ~m; X E : WW R
H ms . = bb i 18
R Zif()” o : e
v e 8
f 310-1_ TT Y4 __%
[ A ;
¢ to massive Gauge bosons ~m,? o (— Q " 1
W + cC i
" 9. *‘[I%' %10-2:— .
———— 21 Juv w F .
(& o) - 7]
w > D [ i
. T L .
H ..Mz
-—— 21 oy I 10° : -
z - .
e to massless Gauge bosons via loops: m : N
photons and gluons 104||||...|§..;.|||...l..
g v 80 100 120 140 160 180 200
t . M, [GeV]
h==- t h === w
t ; 4 H>bb 58% )
y y SM branching ratio H->WW* 22%
~ )
e self-couplings ~m, 2 at m,~125 GeV H->tt 6.3%
H—-ZZ* 2.6%
Very precise predictions (only unpredicted parameter: my) H—>W 0.23%
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Are the observed yields compatible with the SM Higgs boson?
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. @J GOTTINGEN From yields to signal strengths

The compatibility between the measured rates and the SM prediction is tested using
signal strength parameters for each production and decay mode:

e
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N SM ~ SM * ,.sM K
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1 f
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vvvvv

From yields to signal strengths

ATLAS Input measurements
Individual analysis +loonu
m,, (GeV, - -
e — 19.7 0" (8 TeV) + 5.1 b (7 TeV)
Overall: u = 1.17_0_27 125.4 : : : Fe— : : : Combined
H— vy R +0.38 . . . . . .
9gF:n = 1'32-0033 125.4 : : ' = : : : w= 100 + 014 C MS mH = 1 25 GeV
VBF: 11 =087 |125.4 i H— Yy (untagged)
WH: u = 1.012 125.4 L —— . =
ZH:u=0177 1254 : i : i H— VY (VBF tag) pSM =0.84 i
H - 77+ OveraII:M:1.44fg::g 125.36| II I '—°—' — — - H —>YY (VH tag) i
ggF+tH: u =17;;Z 125.36 |—o—| H — 'Y'Y (ttH tag) i
e I H — ZZ (0/1-jet) -
. Overall: u = 1.16'02" |125.36 E-H .
H—Ww goF: 1 =0.9872 |125 36 - H— 27 (2'Jet) |
VBF: = 1.28°% |12536 Bl H— WW (0/1-jet) =
OIH“:) o F et H—> WW (VBF tag) -
o ST | He-ww(Htag) -
VBF4VH: = 1.24°0% | B e : . |3| . H— WW (ttH tag) |
= H— v (0/1fet
I 5 D H— Tt (VBF ta
ZH: u—O.OS_049 125 Lo | g
How o D ; H— <t (VH tag)
verall: p = -0.7*%7 . 2 .
i H — t (ttH tag) =
H— ZY Overall:u=2.7j:§ 1255 - H — bb (VH tag) +
tH bb:u=1.5t::1 125 : '_'_°_' ) ) H g bb (ttH tag) R R R R | |. N TR T B R
Multilepton: p =2.1j:: 125 : p—.—| . -4 -2 O 2 4 6
=182, o : i - BeSt flt O/OSM

A
—2 0 2 4
(

SM p=1 Signal strength (u)

Vs=7TeV, 4.5-4.7 b

Vs=8TeV, 20.3 b
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Combinations
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. @J GOTTINGEN Combining diff. measurements...

Simplest model: one overall signal strength

best-fit § | ATLAS: u=1.18 £ 0.10 (stat) £ 0.07 (syst) *298, _ (theory) N
CMS: u=1.00 £ 0.09 (stat) £ 0.07 (syst) 908 , . (theory)
. . - ATLAS —olstat) - Total taint
- Good agreement with theoretical predictions. mmto5o6cey | o) L qoonn
. . T ’ —of(th -
- Theoretical and experimental uncertainties have e R —
similar size as the statistical ones. w=1A7om iy
H 22" o Tl
=rassf ol
H —ww" o o
SRR o ok
H— : T
| R
H = bb 1 1580
Grouping by decay mode a1 NN R 0 D D
H = i N 5
. . w=07 0
- Various signal strength parameters, one per decay |n-z i : g
. =270 5 P
channel: U, Hzz .“YV.W’ pr,g, Mbb, My _and Uz, o w=270 e | ;
- Very good compatibility with SM Higgs predictions. |combined R ; T
w=1.18"1° 0 : :
-0.14 |- o007 | H |
\ | |
Vs=7TeV, 4547 o' -1 0 1 2 3
Vs=8TeV, 203 fb" Signal strength (u)
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&

Decouple diff. production modes

GOTTINGEN
. : : ATLAS
Grouping by production mechanism it Voo 7TeV.45-470"
95%CL: ———  4/s=8TeV,20.300""
Four parameters: u e wypr MVngd Wity
- ~1 - +0.23 :
Wiy~ 1 2_0 higher tha_n SM predlcthn, bgor = 1.237028 ——
mostly driven by multilepton analysis :
HVBF= 1231032 —;*—
Uyy = 0.80 + 0.36 —
. .. . Uy = 1.81+0.80 : =
Bosonic and fermionic production modes ; myy = 125.36 GeV
’:- 7__ LA I T Y L L L I T L B 0 05 ! 158| na2| Stref]sth ( f))‘
«. > [ Standard Model ATLAS ] g gth (u
S 286‘;‘ ‘;‘:tL o \s=7TeV, 4547 "
||u- 5E ool % fomsTev. 203" For eaph decay mode, —
_ 8 aF oo | the ratio Uggritn /MVBFAVH ot —e—  VE-7TeV.45- 470
“:‘f - § ho 1 isindependent of BR.  |es%ct —— Vs-sTev.203m!
" 3 -~ “‘ — RN RARRE RERRE R R R RN IR R
C Y AN s —H - yy ] '
I 2:_ :.": .:-[:“\‘ ““ Hott Ryy = 0-56f8:gg
::E - @ \ . Rzz+ = 01815 -
+ 1:_ R \ \ ¢ = +0.80
L C R ST . Ryw=*=1.47"g54 -
Q2 oF R W | ] .
> F ) ] Ro=081%
_15_ motosaeGey e E Rop = 0.33025 -
_2_| RN RN R N A I AN S I AN AR AN SN AN EN AN B ANET AT ST ANAN A A A R ) -0 96+0.43 :
-2 -1 0 1 2 3 4 5 6 . 7 Combined = Y -99_0.31 .: My = 125.36 GeV
¥ —¢J s s T s T e e hs
HogFsnti = ook = Huty) G i
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Is the observed data compatible with the SM Higgs boson couplings?

Gauge sector

-

Down type o ‘

Yukawa |
sector -
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. @J GOTTINGEN From signal strengths to couplings

Beyond the parametrisations using signal strength parameters, “coupling modifiers «;”
(also called scale factors) based on a LO motivated framework are used to interpret the data
and check for deviations from the SM.

r
f
k-framework (coupling formalism) 0. X BR i L] fo2
_ i - =1
_ _ w= SM ~ SMT 2
- Parametrise p’s in terms of k, (a_ X BRf) rf H
fit all them simultaneously and test ! % T
diff. assumptions on relation between «’s H r - 2. 1M
iii
Assumptions: " single and narrow resonance A = i
- kinematics unmodified (tensor structure as in the SM) j K.
J

- K, parametrises change in total width: independent parameter or as a function of other k’s

resolved

- invisible or undetected decays have BR; t " = 5
K‘2 Tl i bt el
- overall width scalesas T =4 .M j: E::
H 1-BR H
1.,U. unresolved

- loop-induced couplings either resolved (in terms of SM particle «) &
or unresolved (own «) Hﬂi
i
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25/8/15

Production Loops Interference

Expression in fundamental coupling-strength scale factors

or{ggF) v b x; ~ 1.06-x +0.01- xﬁ — 0.07 - k3
o(VBF) - - ~ 074 k3 +0.26 - x5
oc(WH) - - ~ Ky
o(g§ — ZH) - - ~ K
algg — ZH) v Z—t Kﬁg{ZH ~ 227 Ké + 0.37 'Kf — 1.64 - kzk;
or(bbH) = . ~ Ki
ar(ttH) - - ~ K
igh — WtH) - Wt ~ 184 -x7 + 1.57 - x5, — 241 - ik
aolgh — tHg') - Wt ~ 34.-k; +3.56- Ky — 596 kkw
Partial decay width
O - - ~ K
Cww - - ~ Ky
[zz - - ~ Ky
- - - ~ K
| . - - ~ xﬁ.
[y v Wt xf ~ 1.59 ~x2“,. + 0.07 ~xf‘ — 0.66 - kwk;
[zy v Wt xf:y 1.12 - k3, + 0.00035 - k7 — 0.12 - ki,
Total decay width
W 0.57 -k, +0.22 - &y, +0.09 -x§+
Iy v bt Ky ~ 0.06 - k2 +0.03 - k7 +0.03 - 2+

0.0023 - xi +0.0016 - x%_y + 0.00022 - xﬁ
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. @J GOTTINGEN Couplings: check SM content

Check couplings relative to SM
Higgs gives mass? Check scaling of couplings with particle masses

gy ~K, 2m‘2/ v =>\/gV /2v N\/KVmV v
19.7 fo" (8 TeV) + 5.1 fo' (7 TeV) A /
~K
CMS W 68% CL F FmF v
_950/OCL . IIIIII T T |III||| T T TTTITT T III|II|
Wk, =0.9514 — e . ATLAS t
w = Y99 013 . 1 3
o6 . - s=7TeV, 4547 b VAL
Z ;=105 — - s=8TeV, 20.3 i’ V‘S :
t « =0.81%19 S o'k — Observed .
t -0.15 : - --- SM Expected E
0.33 ; B ]
b x,=0747% ————— I ]
. 2 Ps |
T «. =084  —— : I{ E
: 1 L e T _
W o, <1.87 : b 1
w * 1 o
SRRV SRS ST RS A 10°% w E
0 0.5 1 1.5 2 2.5 S .
Parameter Value _I"I"I';'Ii" 1 | IIIIII| | 1 IIIIII| | 1 1 IIIII| | I_
10 1 10 102

Assume only SM particles, no new decay modes.

: . Particle mass [GeV]
Best constraints ~15% precision.

A\ and Vg, scale with mass as expected !
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. @J GOTTINGEN Couplings: new physics tests

The current dataset does not allow the determination of all the coupling modifiers
- test specific scenarios: different benchmark models defined by LHC-XS-WG arXiv:1307.1347

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

CMS - 68% CL
: : +0.14 : —95%CL
custodial symmetry: W and Z couplings A, =0.927., - wilm
oo7|
_ Ky = 1.01:107 =i
bosons/fermions .
K = 0.87*7% D
up-/down-type fermions A, =0.99%"7 .
leptons/quarks A, = 1.03122° ——l—— 6@6
0.11
loops {Kg = 0897549 - %\)&
0.12 :
k=114 e
BR.., (extra width) BR..., < 0.14 g E
BsM BSM e b b
Axy = Kylicy o 05 (1) 15 2 25

No significant deviations from SM. Parameter value
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. @J GOTTINGEN Couplings: new physics tests

The current dataset does not allow the determination of all the coupling modifiers
- test specific scenarios: different benchmark models defined by LHC-XS-WG arXiv:1307.1347

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

CMS - 63% CL
. . +0.14 i == 95% CL
custodial symmetry: W and Z couplings A, =0.927., -
007
_ Ky = 1.01:107 . =
bosons/fermions .
K = 0.87*7% D
up-/down-type fermions A, =0.997)1" o
leptons/quarks A, = 1.03122° ——l—— 6@6
0.1 -
loops {Kg =0.897( '}, = %\)&
0.12 :
k=114 —re—
BR tra width E
BSM (ex ra wi ) BRBSM < 0.1 4?— | : | |

My = kxlky | Since I'y, is not experimentally constrained in a model-independent to a 5
meaningful precision at the LHC, only ratios of couplings strengths can
be measured in the more general models.
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. @J GOTTINGEN Massive vector bosons vs. fermions

Test the universal scale for bosons and for fermions (ky vs k)

As result of the EWSB, the nature of Higgs couplings to fermions (via Yukawa int.) and
massive vector bosons is different.

- 19.7 fb" (8 TeV) + 5.1 fb” (7 TeV

—> Tested by fitting two scale factors: k,, and «¢ 2 CMS (8 Tev) + (7 TeV)
> Parametrise loop-mediated couplings as in SM & [| * Observed
N Y g " ¢ SM Higgs |
‘ ) t Al :

H ey 't, W H o« 't
tr e

g P 2l ’Y > g

CMS approach: I'ggy,=0

Notice interplay of different channels.
ky[0.87, 1.14] and x[0.63, 1.15] @ 95% CL

H->yy is sensitive to
the relative sign
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e

Massive vector bosons vs. fermions

ATLAS ATLAS Vs=7Tev,45-47f"
Approach 1: Tgg,,=0 = 2 pars: k,=1.09%0.07, x-=1.11£0.16 Vs=8TeV,20.3b™
4 T T T T T T T T T T T T T T T T T T T T T 1 680/0 CL: i y
- = l ' ' ' ' | . relaxing 95% CL:
- ATLAS ZZ Y ] assumptions Ky<1  Kon=Kor BR;, =0
3 (s=7Tev, 4547 1b" e T T e
- Vs=8TeV,20.3 " . BRi_,u;éO : pproac
2F my = 12536 Gev E (95%CL) Ky > 0.93 H
~ ] Ky =1.1370% :
1 KV= +0. B
:L _i! 09+0.07
VH ; = —
. o
1 /j = (95%CL) BR, , <0.13 :
;/ = ] (95%CL) BR,, <0.52¢
_2_ DH%ZZ* __ P i ...................................................................
- Eh—~Ww" 0 ———
-3 /x sm —68% CL * E I i
- -ll- Best fit I ---95%|CL L | Z DCoTnbined . my = 125.36 GeV
_ 1 L1 [ [ N L - L1 L1 e G I A A B A i B
4/0.4 06 08 (1) 12 14 16 18 005 (1) 15225
: : Ky Parameter value
Diagonal from yy interference R
. . . :si F ATLAS ) [‘wa‘ o T
Approach 2: allowing for extra contributions BR; #0; S vt oot - G -
constraints for upper bound on I'yy: k<1 Or K=K Toar \J E
- BR, ,<0.13 (0.52) if xy<1 (K,,=K5) 15 E
10/ Caae _f
Approach 3: no assumption on T’ - 5 :
. H — - 4
A o e =1 02+0.15 Apy=-1 dlsfavoured/: 5
FV SRRV T +0'°1-13 at~40 gy e o T e Bs
KW—KvalKH—1 -07 : -0.13 R Aey
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Custodial symmetry: W vs Z bosons couplings (ky VS k)

At tree level in SM, the ratio of W and Z masses (and thus couplings) is related due to the
“custodial symmetry” (approx. symmetry): p = M?%/(M,?*cosb,,?)= 1
However, large radiative corrections are possible in NP models: p="1+Ap

“radiative corrections

—> Test if data are compatible with the amount of violation allowed by the SM at NLO

- 3 free params.: A=K/, (POIl), k¢ and k, (profiled) 19.7 " (8 TeV) + 5.1 fb' (7 TeV)
e e s it

fermion couplings grouped together ~ 10; T  oteorved
assuming loops contain only SM particles £ g9 CMS serve |
< - Ky Kz Mz ----Exp. for SM H
o 8¢ ' , =
— — +0.14 U= =
Mz =Ky /Kz=0.92*01% ¢ 4 ok E
51 =
4F E
3 =
2F -
1F
O: I [ B o ll [ IR R R .
0 0.5 1.5 2
o) N
SM Az = Kp/K,= 1 wz
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. @J GOTTINGEN Up- and down-type fermions

Isospin universality? check up/down fermion coupling ratio A4,

In many extensions of the SM, the Higgs bosons couple differently to dif. types of fermions.
In Two-Higgs-Doublet Models (2HDM), couplings to up- and down-type fermions are modified.

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

- In this benchmark, the ratio Ay, =« /%, is probed - 13; oMs p——
- K, constrained by ggF (top quark loop), also weakly from ttH Qg ke - Exp.for SMH |
- k4. constrained through the H->bb, H>tt and H->uu g ' o
- vector boson couplings grouped together 6 Al [0.65,1.39] -
— = uL™- 1
CMS approach: I'ggy=0 s5- 295%CL
3 free params 4F E
ratio Ay, (=k4/x,) (POI) E
ATLAS approach: no assumption on I' K,, Ky (profiled) i !
three fits depending on POlI, profiling other two T E
Ay =K 4lK
du_"d u My =Ky /K
B A 1 s VY
T 250 wlarvaosnt e 1¢ Pl S |2
a. C 1< 25:* \s=8TeV,203 " — Observed E E
}"du=0'90+0'14-0 15 20, = R 4
1of Sl | E
Insensitivetothe sign =~ *\J/ X /7 1  sesesamere iy,
95 s 05 0 05 1 15 2 2 oy
x )
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. @J GOTTINGEN Lepton and quark couplings

Lepton/quark universality in coupling scale factors? Test ratio A,

Extensions of the SM can also contain diff. couplings strengths to leptons and quarks...
As before, one can test the lepton/quark universality by testing the ratio A, = k/x,

19.7 0" (8 TeV) + 5.1 fb" (7 TeV)
T T T T | T T T T ]

CMS approach: I'ggy=0 _| 10—
o CMS — Observed E
ATLAS approaCh: 3 freeraalaga}\‘ms( / ) (PO') < 9 >“Iq’ Ko Ky ---- Exp. for SM H g
no assumption on I'y iq (7Kg o 8F \ ; E
3 params. Kq (profiled) - E
ratio A, (5K/x,) Ky (profiled) 60 =
ratio Ayq (ZKy/Kg) 5F E
Kqq ~ S0 R RN R R R RRRR LR ] i
< © ATLAS Kaghvae) . 4 =
< T Vs=7TeV,4547%H" s SM expected ] 3:_ =
c 25— Vs=8TeV,2031b" — Observed ] C
N N ] 2 =
20F: 4.4 1
C O: 1 ol # [ L ]
150 : 0 0.5 1 15 N 2
- |
£ Mql0.62, 1.50] @ 95 CL  °
5
B . ) N\ Best fit: A,,=1.12+0-22
%5 2 N\ /. — \\..// S Iq -0.18

—15 -1 —05 0 05 1 15 2 25
—_ A
ratio A, (5x/K,) .
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. @J e New physics in loops?

Presence of BSM particles in gg—H and H—yy loops (k4 vs k)
and scaling factors for SM particles

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

Loop-induced processes: unresolved

Y CMS = 68% CL
== 95% CL
H H _ :
@ o
. ) i
= 68% CL 8 =0. 64+8 gg [ e '
—95% CL =8 '
W - > 0.18 !
i K, =0.827 15 - e
Z —:*_ 1
¢ __: mostly from ggF J =1 60+8 2‘2‘ __.Eritl—l
: ’ - '
b | ———— +0.15 :
. Resolved loops o [ xg= =0.75 o -
T —===— (for comparison) §'
n , ~ | x,=0.98%1] -
0 05 1 15 2 25 AR BRI RN R BRI B
Parameter value 0 0.5 1 1.5 2 2.5
Model with 6 parameters in which the coupling to vector bosons, Parameter value

to different types fermions (charged leptons, up- and down-type quarks),
and to gluons and photons are allowed to scale keeping I'gg=0.
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AP coTTinGen More general: no assumptions on I',

New particles in Ioops and no assumptions on total width
] - Ky, Kz, Kp, K, Kgand k,, are treated independently
'5% - do not resolve any loops (k,, k., K. )
- no assumptions on total width, embedded in k

_ J97 Ty THZ _
.. H‘ . R 9Z
8 ‘ ATLAS Vs=7TeV,45-4.7fb"

- only ratios can be determined

19.7 fb™' (8 TeV )+ 5.1 1" (7 TeV) ggjgt === s5=8TeV,203f"
K, = Kg-'Kz/K T
CMS .68% CL gZ g Z/ H T | T 1T | T 1T | T 17T g T 1T | 1T 17T | T
014 . ==95% CL Kgz=1.1820.16 -— NS
=0.98" - total width i ™
0.13 : < otal wid Azg=1.097525 ——— ™
+0.15 : i R
Mz = 0-8774 15 W™ <—— custodial symmetry.> "z < [‘J[g‘;b‘?'g;} - - =
_ +0.36 : A € [-1.70, ~1.07] i n
= * g I
hgg=1.39 02 : u[1.03,1.73] ; =
+0.22 : Apz = 0.60 % 0.27 ——t 2
A, =0.59" 22 E— bz i >
] new physics in H> Az = 0.9979% —— =
\ = 09391 el O P & 2= 0 g 5
; (95%CL) A,7<2.3 ©
+0.19 - ! . i : Q.
}\. == 0 79 -0.17 : ‘/ new phyS|CS N AyZ= 0.90+0.15 * g
0.54 : gg—~>H or ttH '
k = 2. 18”0 16 ' ——.—._ ‘ |||| (95%CL) Az)z<3.2 : O
ORI Lo Lo Tt ' my=125.36GeV
0 0.5 1 1 5 2 2 5 3 3 5 1 | L1 11 | | I | L1101 i | | | | | 1

-2 -1 0 1 2 3
Parameter value Precision 15%-40% Parameter value
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T2 J GEORG-AUGUST-UNIVERSITAT _
AP coTTinGen More general: no assumptions on I',

New particles in Ioops and no assumptions on total width
] - Ky Kz, Ky, Kp, K, @nd k,, are treated independently
,;,% - do not resolve any loops (kg ., K, )
- no assumptions on total width, embedded in k

_ vgr By By _
.. H‘ . R 9Z
8 ‘ ATLAS Vs=7TeV,45-4.7fb"

- only ratios can be determined

19.7 fb™' (8 TeV )+ 5.1 1" (7 TeV) ggjgt === s5=8TeV,203f"
CMS & 68% CL Kgz = Kg'KZ/KH"|""|""|""g""|""|"
» : == 95% CL Kgz=1.18 +0.16 | o
=0.98" —ala— i ™
0.13 5 < total width hoy = 1.09°028 =
Mz = 0. g7+%1° el : Awz € [-1.04,-0.81] =
0.13 5 <— custodial symmetry—7 "2 0[0.80, 1.06] (%
36 - Ay €[-1.70,-1.07
Ay = 1397938 T——— o ] £
0.22 : §
Mz = 0.597 (55 t——rmlliem—it- =
: new physics in H> =
hz=093701 | e P " 5
' @®
0.19 ! Q.
My =079 ;|  —=lm— new physics~ =
0.54 5 gg—~>H or tt O
Mg = 2. 18746 ' | iis ;
NI IR SRR IR [N B ' my=125.36GeV
0O 05 1 15 2 2.5 3 3.5 |2'1(l);2':'3
Parameter value Precision 15%-40% Parameter value
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. @J GOTTINGEN Beyond SM Higgs decays ?

Allowing beyond SM Higgs decays (invisible or undetected)

—_ —_ Vs=7TeV,45-4.7f0"
BRgsm=BR; . = BRin, *BRynget>0 ATLAS Ve TV 20315
sisl o
. L IIII|IIII|IIIIINNI|I.’UI.II|II
BR,,, ¥ direct limits from H>E; . (mostly from VBF) l
’ K =
ATLAS: BR,,,<29% @ 95C.L. |, ¢ v =
CMS: BR,,,<57% @ 95C.L. Vi, 7 k2| e
- . : 1 R qg X “ - =
indirect from coupling fits («,<1) Kb e —x
ATLAS: BR; , <49% @ 95C.L. i i
CMS: BR, , <57% @ 95C.L. . o
Combining with BR,,,, direct meas.: BR, , <32%
JPRRT. — 1|9.I7f|b"l(§Tgvl)+| 5|.1‘fb|'1(‘7']l'e\Y/)
c gé_CMS — Observed _% Ky :
U [ =
i B [ =
Assuming - E <, =
BRundet.=o 3%— —% - E?S[S?Cl;e|v| [ 110 i | | ol B
of E -2 -1 0 1 2 3
8 Parameter value
1F
SO < NN NN AR These results represent the most model-
0 02 04 06 08 1

BRgsy independent measurements of the I'y,.
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Higgs boson discovery was an amazing experimental success although...
the found Higgs boson looks very similar to SM prediction.

Now, focus on measuring its fundamental properties in the most precise way:

- coupling measurements established and Future projections
tested in diff. benchmark models: (o5l RN ERE
K B — 300 fb™, w/ theory fb", w/ theory 3

F  ------- 3200 fb' w/e-theorv ------- ] e

- fermions vs. bosons > good to 10-20% S El

- vertices, loops? - good to 10-20% - 1S

. BSM decays? BR, ,<50% e 3

a 1.05F =)

7 a-

- ATLAS+CMS coupling combination ongoing G N

0.95F e

- Run 2 will be sensitive to additional 0.9F i

production and decay channels (promising) 0.85;— <

i

- its self-couplings (very challenging!)

> Higgs physics moved on from discovery to precision studies!!
> Check if portal to non-SM physics.
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THANKS FOR YOUR ATTENTION
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g m o S TERM wonowe
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BACK-UP

25/8/15 Maria Moreno Llacer — Higgs couplings 36



\

C JGEORG-AUGUST—UNIVERSITAT

GOTTINGEN Inputs to the coupling measurements
19.7 b (8 TeV) + 5.1 fb' (7 TeV)
Combined
ATLAS Input measurements OTJQ%oio.m CMS m, = 125 GeV
Individual analysis +1o0nu H— vy (untagged) £ 3
M (GeV) - H—yy (VBF tag) | Pgy =084 i
Overall: p = 1.17' 11254 ...._. H—yy (VH tag) — =
H— vy 9gF:n=1.3270% |125.4 N e H— ttH t -
VBF: 1 =0.8"7 1254 S et VY ( ag)
WH: = 1.07% | 195 4 . . H— ZZ (0/1-jet) : B
ZH: n :0.1tg‘: 125.4 : ' . . H — ZZ (2'Jet) '*
g Overliu= 144 [12556 T e H— WW (0/1-jet) =
ggF+tH:u = 1.70% 125,36 -—-—- H— WW (VBF tag) =i
VBF+VH;M=0.3;‘£ 195,36 e Lo H— WW (VH tag) el
H — W Overall:u=1.16:z2 125.36 : : i--' H—- WW (ttH tag) . ———
ggF:n =098 "~ 1125.36 i o : : H— 0/1 -'et)
VBF:u=1.287% 112536 H— H IIV(BF tj ) |
VH: 1 =3.0"7 112536 -—l—o—|—|: : —TT ag
H - Overall: u = 1.4377% 1125.36 l '—'—' - : - : - H— vt (VH tag)
9gF:n =2.0""% |125 36 ..._._. H — 7t (ttH tag) i
VBF+VH: = 124720 |55 36 I el R H— bb (VH tag) -
VH = ypp Vo =0525, (12596 e f H—Dbb(ttHtag) =, ——=p—— =
=1 g 125 i 5 4 2 0 2 4 6
ZH:u:0.0Sig:i: 105 ] i e .
H— uu Overall:.ut=-0.7+3'7 1255 : : Channel rou in Significance (0) BeSt flt O/OSM
- I s srouping Observed Expected
H—2 Overall =272 1255 : H — ZZ tagged 6.5 6.3
— P H — 7 tagged 5.6 5.3
ttH T S H — WW tagged 47 5.4
’ 'eponu: L 1% S Grouped as in Ref. [22] 4.3 5.4
S T s P B, B H — 77 tagged 3.8 3.9
T Grouped as in Ref. [23] 3.9 3.9
Vs =7 TeV, 4.5-4.7 fo” -2 0 2 4 H — bb tagged 20 26
) Grouped as in Ref. [21] 2.1 2.5
Vs =8 TeV, 20.3 fi” Signal strength (u) H — up tagged <0.1 0.4
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Model parameters Table in Parameter Best-fit result Comment
aram ara mmen
Ref. [169] 68% CL 95% CL ‘ M S m m ry t b I
Kz Awz (ki=1)  — A 094+02 (061,145 "Wz = rw/xzfromZZ and Su a anie
2 AWz T wz 7r-018 o 0/1-et WW channels.
44 Awz = kw/kz from
, Awz, A 0.927014 0.71,1.24 wz = Witz
Kz, AWz, Kt (top) wz —0.12 [ ] full combination.
les couplings
1.01+07 0.87,1.14] V4 ping
Ky, K¢ (:)i)) v —0.07 [ ] to W and Z bosons.
K¢ 087401 [063,1.15] " Scales couplings
g to all fermions.
Adu = Ku/Kgq, relates
46 +0.19
Kv, Adu Ku (top) Adu 0.997 13 [0.65,1.39] up-type and down-type
P fermions.
47 Apg = K¢/ Kq, relates
, At A 1.03+0% 0.62,1.50 fa = M/
kv, Mg, Kq (top) tq —021 [ ] leptons and quarks.
Kw 0.95%013  [0.68,1.23]
Kz L0501 [072,1.35]
Kw, Kz, Kt, +0.19 .
Extends Kt 0.81 1= (0.53,1.20] Up-type quarks (via t).
S 51 Kp 0.74 '_"ggg (0.09,1.44] Down-type quarks (via b).
br P T Kt 0.84 tg%g [0.50,1.24] Electron and tau lepton (via 7).
Ky 0.49 138 [0.00,2.77] Ky scales the coupling to muons.
€ 2
Me retpy M(GV)  245£15 217,279] k= o and xy = o0
€ 0.0140%31  [—0.054,0.100]  (Section 7.4)
o x 48 Kg 0.89+011 [0.69,1.11] Effective couplings to
& (top) Ky 1144012 [0.89,1.40]  gluons (g) and photons (7).
Kg, Ky, BRpsM 48 (middle) BRgsm <0.14 [0.00,0.32] Allows for BSM decays.
with H(inv) searches — BRiny 0.03 052 [0.00,0.32]  H(inv) use implies BRyget =0.
with H(inv) and x; = 1 — BRiny 0.06 +2.11 [0.00,0.27]  Assumes &; = 1 and uses H(inv).
Kgz 0.98 '_"g% [0.73,1.27] Kgz = Kgkz /Ky, ie. floating K.
Koz, Awz 0.87 ¥01 [0.63,1.19]  Awz = kw/Kz.
© Azg 1.39 f§;§ (0.87,2.18]  Azg =xz/xq.
/\Wz, /\Zg/ /\bz, (bottom) /\bZ 0.59 t3§; S 1.07 AbZ = Kb/Kz.
Az 0934017 [0.67,131] Az =rxy/xz
Az, Az, Mg Az 0.79 £019 [0.47,1.20] Az =x/xz.
Atg 218 0% [1.30,335] Mg =i/
Ky 0.96+01¢ [0.66,1.23]
Kp 0.641’8'%8 [0.00,1.23] Down-type quarks (via b).
kv, Kb, K7, :
Vo Ror BT Similar to Kt 0.82fg:1§ (0.48,1.20] Charged leptons (via 7).
50 (top) Kt 1.60+03 [0.97,2.28]  Up-type quarks (via t).
Kt, Kg, Ky +0.15
K 0751015 [0.52,1.07)
0.17
Ky 098*3Y7  [0.67,1.33]
with xy < 1 and BRggy — BRgsm <0.34 (0.00,0.57] Allows for BSM decays.
with ky < 1 and H(inv) — BRinv 0174017  [0.00,049]  H(inv) use implies BRynget = 0.
withxy <1, H(inv), — BRiny 0.17 £0.17 [0.00,0.49] Separates BRiny from BRpdet,

BRinv, and BRundet —_ BRundet < 0.23 [000, 052] BRpsm = BRiny + BRundet-




. @J S SM predictions (from ATLAS paper)

Table 1: SM predictions of the Higgs boson production cross sections and decay branching ratios and their uncer-
tainties for my = 125.36 GeV, obtained by linear interpolations from those at 125.3 and 125.4 GeV from Ref. [11]
except for the +H production cross section which is obtained from Refs. [23, 26]. The uncertainties of the cross
sections are the sum in quadrature of the uncertainties resulting from variations of QCD scales, parton distribution
functions and ;. The uncertainty on the tH cross section is calculated following the procedure in Refs. [11, 23].

Production Cross section [pb] Decay channel Branching ratio [%]
process Vs=TTeV +s=8TeV H — bb 571+ 1.9
ook 150+1.6 19.2+2.0 H—- WW* 22.0+09
VBF 1.22 + 0.03 1.57 £ 0.04 H — gg 8.53 £+ 0.85
WH 0.573 £0.016 0.698 + 0.018 H— 1t 6.26 + 0.35
ZH 0.332 £0.013 0412+0.013 H — ct 2.88 £ 0.35
bbH 0.155+0.021 0.202 £ 0.028 H - Z7° 273+0.11
rtH 0.086 +£0.009 0.128 +0.014 H—vyy 0.228 £ 0.011

tH 0.012 +£0.001 0.018 £ 0.001 H—Zy 0.157 £0.014
Total 174+ 1.6 223+2.0 H — pp 0.022 £ 0.001
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. G e osm e Statistical analysis

Binned profile likelihood fit L(j,0)

iy 1 2
) e

L( 0) LPoz.s /1', H

reg bms(]) b,
1 gZ] 'LJ "
LPozs H H exp (_ (,LLSij + bij )) artificial data T
N5 ] @ 4 points for - A
QCJ illustration // \
- parameter of interest: S|qnal strength y=o/og, @ | Bst i at \ |

1.5 x SM rate L

- nuisance parameters 6, systematic uncertainties

- nuisance parameters 0 . MC statistical uncertainty per bin H-XX +
— Find the best values for p and 6, by minimizing the log L * H"I' |
> obtain fitted uncertainty on p > 6 '1 — ‘2‘
> data can contrain the “a priori” nuisance parameters values Cnaney ore x-xzmwsor  Signal strength, u
—> Calculate the experimental sensitivity in terms of the significance
(i.e. level of disagreement between the data and the background-only op XBrx p,,
hypothesis expressed as Gaussian standard deviations o) HPX ~
P XBrx .0y

To obtain the final result, a simultaneous fit to the data is

performed to the distributions of the discriminants in all regions PE {ggF, VBE VH, tH}

under the signal-plus-background hypothesis. XE {yy, 22, WW, bb, 72}
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Five major decay channels
and rare processes
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C_ J GE‘ORG-AUGUST-UNIVERSITAT i :
. ‘ GOTTINGEN nggs y|e|ds

Higgs properties can be inferred from the event rates measured in all the channels.

0T i 8 Ta) » 8.1 &7 (7 Tavd

o

CmMs

3 g . TT

: Yy -

‘ 102§ )

§ st Nsigz200-500 e Nsigz400-650
»r § i mes | [ {s-8TeV,203 1" = ]
miﬁ ] n.ﬂ..mr:}u,: el B kangOOO TV AT 3 kagzhuge
sl 5.2-5.60 observed AT e 3874 55 observed

log(S/B)

Vs=7TeV,L=501b"
I (s=8TeV,L=18.9fb"
pp— VH; H— bb

()]

ZZ bb

N
T
|

95% asymptotic CL limit ony
W

N, =60-100

N

N;,~20

sig :
i d kagz20 1 = : kagzhuge
%0 90 100 110 120 130 140 150 160 170 65'810 Observed 110 14-210 Observed
my,
- P "'J&'r_‘L'AéhiiW_:
2% oyl ww
i ey e
§ b s Ngg=500 Rare decays: uu, 2y, ...
[ ww ] -
zoo:— 7 EE’{,:U _: kag"'?OOO
L "% 1 4.7-6.50 observed

my

25/8/15 Maria Moreno Llacer — Higgs couplings 42



GEORG-AUGUST-UNIVERSITAT
. ‘é' J GOTTINGEN H 9 .Y.Y

ATLAS: PRD 90 (2014) 112015
CMS: EPJC 74 (2014) 3076

BR = 2.3x103
-7 o 19.7 fb™ (8 TeV) + 5.1 o™ (7 TeV)
180— fLdt=451" 5=7 TeV ATLAS — % x1 : CMS
160 fLat - 20.3b", (5=8TeV 4 Data = (5 35 _ H o vy S/(S+B) weighted sum
S/B weighted sum — Signal+background 1 ~ o ; ¢ Data
> 140 Signal strength categories e Back d -] *UE) 3; S+B fits (weighted sum)
@ — ackgroun . (0] R B component
% 120 — Signal - 3 2-5;_ P
E’ 1002_ m,, =125.4 GeV = 8 S ¥ A
e L . < F
N 80 4 2 5F
- . 2 £
o E- S R
40 - ] c_?. 0.5 m,=124.70 = 0.34 GeV
- J L :
- = C | | | | co ey by s by
20:_ = w 0 L B LA R L B NN BN
0 ; } } —‘/'\,L —t I } ; 200 B component subtracted ]
2 10F = 100
3 5 . ol i
E =
B¢ ) =¥ WL & & U S VNP S S I H
8 -100 .
v - llllIllllllllllIllllllllllllllll]llllll
. - s - - = 110 115 120 125 130 135 140 145 150
5
m \"
m,, [GeV] y (GeV)
. . Obs. (exp.) significance
* look for a narrow signal on top of a smoothly failing bkg. (exp.) sig
« split events into exclusive categories ATLAS (7+8 TeV) 5.20 (4.60)
* background estimated from a fit to m,, CMS (7+8 TeV) 5.60 (5.30)
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GOTTINGEN
_IIIIIIII!IIIIIIIIlIllllIIIIIIIIIIIIIIIIIII-
o | 1 = 1 —Total ggH
My [ et g oat :
- — Syst. N VBF
Moy [ H——d— :
Moge [ H=i ATLAS ] VH
- g [Ldt=45", (s=7TeV -
= - - -1 - 4
Mg T e [Ldt=20.3b", {5=8TeV : "
M ] H"ll H — yy, m,=125.4 GeV -
I-IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII-'
-1 0 1 2 3 4 5 6 7 8
Signal strength z 39
8 3
=g
2.5
best-fit y = o/og, 2
1.5
ATLAS (7+8 TeV) 1.17 £0.27 1
0
-0.5!
25/8/15 Maria Moreno Llacer — Higgs couplings

H - yy

CMS H - yy 19.7 6 (8 TeV) + 5.1 fb™ (7 TeV)
1.12 +0.37 ~ = +0.26
-0.32 'ucomblned 114 -0.23
15837
~0.16 i},j}S I combined = 1o
+—e— per-process = 10
2.69 27 °
IIII|I|II|IIII II|IIII|IIII|IIIIIIIIIIIIII
-2 -1 0 1 2 3 4 5 6 7
U
CMS H—yy 19.7 o' (8 TeV) + 5.1 fb™! (7 TeV) ‘0
Q
+ Bestfit @s
«Q
T
_____ 8 =
=
<
3
6 <
L)
4
2
05 0 05 1 15 2 25 3 35 °
H ggH,ttH
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GEORG-AUGUST-UNIVERSITAT
. @J GOTTINGEN H-o> ZZ* > 4]

ATLAS: PRD 91 (2015) 012006
BR =1.3x104, [ = e,u CMS: PRD 89 (2014) 092007

« excellent mass resolution : 1-2%

» select four isolated leptons (low p; is important)
* split events into exclusive categories

« fold angular information in a kinematic
discriminant to separate signal and background

% _I i | LI I LI I L | LI I LI I LI I LI I LI I-
G 35 ATLAS ¢ Data -
2 B H - ZZ* — 4] |:| Signal (mH=125 GeV u=151) ]
E 30 {57 7ev J-Ldt=4.5 o B s=ccgrouna 2z =
8 N P - Background Z+jets, ti 2
Lﬁ 25 :_ fo=etey JLdt=20-3 ° % Systematic uncertainty —: .
- - best-fit y = o/log,, Obs. (exp.)
20 [ s significance
5 ] ATLAS 1.66*0-39 . (stat.) 8.20 (5.80)
15F 1 (7+8Tev)  *021_ . (syst)
10F 4 CMS 0.93*026 _.(stat.) 6.80 (6.70)

(7+8 TeV) 019 4 oo(SYst.)

—_——
——

080 90 100 110 120 130 140 150 160 170
m,, [GeV]
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BR =1.1x102, | = e,y ATLAS: arXiv:1412.2641

N CMS: JHEP 1401 (2014) 096
> - 4
8 400 - ++ A_TLAS I + Obs = Stat . gmasrié%%lx?‘hajkgﬁgcrfgm.142012CEST
° | (s=8TeV, 20.31b" | i
ﬂ L
&
(&

200

0
m+ [GeV]

* mass resolution : 20% iy e

« final state cannot be fully reconstructed

best-fit y = o/o Obs. (exp.
- main observable : my, m,, lepton p; H SM (exp.)

: ) : significance
« analysis performed in categories
« angular correlations used to reject bkg. ATLAS 1.09%92 4 54 6.10 (5.80)
- large expected yield for property (7+8 TeV)
measurements once the mass is known CMS 0.72+0.20-0.18 4.30 (5.80)
(7+8 TeV)
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_ 2 ATLAS: JHEP 1504 (2015) 117
BR = 6.5x10 CMS: JHEP 1405 (2014) 104

Data

 look into ey, ety €€, e, uu, Tt e

* mass resolution : 10-20% e
« experimental challenges: hadronic t ID, m_, reconstruction \/

« categories motivated by production R M
- sensitivity mainly driven by VBF S
N
-1 -1 . = .. |
_ CMS, 4.9 fb ?t7'T?V,'19.7 fblat8TeV j et e
> 40F 7 SMH(125 GeV)>1t | ‘ / L} . - .
Q Ut , et,, T,T,s el —— Data - background - jet
g 2500 h o [[7] Bkg. uncertainty 'S A 2
: 20F Z -
8 i o= == —
2000 |-
; 1 'l- ' Th
1500 |- B T T R

m_. [GeV] -+

7 SMH(125 GeV)-1t best-fit p = o/ Osm Obs. (exp.)

S / (S+B) Weighted dN/dm

o= Queares ~ significance
g tI:Iectroweak ] ATLAS 1 '43+0.43-0.37 450 (340)
500 - 1 acp ] (7+8TeV)
. [ S 1 CMS 0.86 £ 0.29 3.40 (3.60)
0 100 200 300 (7+8 TeV)

m,. [GeV]
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ATLAS: JHEP 01 (2015) 069

BR =0.58 CMS: PRD 89 (2014) 012003
« mass resolution : 10% best-fit y = o/log, Obs. (exp.)
» two b-tagged jets (very challenging) significance
* look into VH (VBF and ttH) ATLAS 0.5+ 0.4 1.40 (2.60)
* both experiments use boosted decision trees ' (7+8 TeV)
Z 1000 T 1] CMS 1.0+0.5 210 (2.10)
@ - ATLAS VHbb) fi=10)
9 - (§=8TeV [Ldt=203 0" ég‘m ] (7+8 TeV)
— ~ 0lep., 2 jets, 2 tags :Ismlg_bmp 7 s=7TeV,L=5.0fb" {s=8TeV,L=18.91b"
;‘5‘ SD{]_— p;’:rmGaV |:|‘I:|lu|‘t 7] CMS m, = 125 GeV
2 _ = il PP — VH; H—> bb
L | W i Combined L =1.0+ 0.5
6001 = ~
B Dﬂ;l . -
- === Un .
- e et g Z(vv)H(bb)
400+ — p=1.0%0.8
200 _ — Z(IT")H(bb)
B 7] p=08+1.0
E W(lv,Tv)H(bb)
o p=1.1+0.9
8 F
o - ! 1 1 | ] 1 L 1
S O35 4510h"150" 200" 250"300" 5b" 400" 450" 500 2 0 2 4
m,, [GeV] Best fit 1
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ATLAS:

ttH(yy): PLB 740 (2015) 222

ttH(bb): Eur. Phys. J. C (2015) 75:349
ttH(multileptons): arXiv:1506.05988
CMS: JHEP 09 (2014) 087

Eur. Phys. J. C 75 (2015) 251

Virtues:

Many possible final states
- Several channels are defined depending on the final
signature

Top Pair Branching Fractions

|
e A%
+ oo | “)/"/
Ve o —— -
Vet 15%
" = 3 -
dileptons” 000 120 140 60

99

LA RS 5 ves 2or

| tHets 15%
|

Higgs BR + Total Uncert
=1

®

cc

" teell’
H->bb: dominant mode but large background
H-> WW, ZZ, vv: multilepton final state

H->vyy : tiny but clean signature

ATLAS
Challenges: tH B0 ha e B
« low production cross section i, | T ‘
* large tt background (ttH:tt ~ 1:20 bl
oMs {5=7TeV,5.05.1 1", 5= 8TaV, 193107 i’ o> §=7TeV, 4547 1" -2 0 2 e
i _._E_ s=8TeV, 203" Signal strength (u)
~ H—bb (ME method)
il best-fit u = o/og, Obs. (exp.)
™ | - significance
a- N
al - ATLAS 1.5+ 1.1 2.40 (?)
Same-Sign 21| - (H=>bb) @ 125.0 GeV
Combieation — |-._||| CMS 28+1.0 340'(120')
e Eest f(;t cxfcszSM ,zlt4mH =e125_f:Ge\;1’D (7+8 TeV) @ 125.6 Gev
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