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+** First 13 TeV multi-V results available[ATLAS,
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L a  ATLAS g
+ MATRIX NNLO |
— NNPDF3.0, fixed w = = (m_+ m,) -
r MCFM NLO // g
i | NNPDF3.0, fixed u = u = b (m+m,) i
L P ]
2 WZ |
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8 10 12 14
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- ATLAS Preliminary
L NNLO WW (MSTW PDF)

L — WW (pp)
— WW (pp)

{incl. H— WW above 7 TeV)

T

+ NNLO H—WW (MSTW PDF)farkiv.1307.1347 [hep-phi)

{arXiv;1408.5243 [hep-ph])

LHC Data 2015 (15=13 TeV)
B ATLASWW (32

LHC Data 2012 (1s=8 TeV)
® ATLAS WW (203 167)

LHC Data 2011 (1s=7 TeV¥)

E O ATLAS WW (467
» Tevatron (15=1.96 TeV)
:. / . :’ IDOWI.INr,.?.rm? o
2 4 6 8 10 12 14
\s [TeV]
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** First 13 TeV multi-V results available[ATLAS, CMS]...

231" (13 TeV)

IS L B L BN B S m e i B Il
o > - CMS Preliminary
. —_— ATLAS Preliminary (o)) | — - Expected 68% C.L. — - Expected 95% C.L. |
Ag S — e BTG coriRladiEL . TR i - — — Expected 99% C.L. —— Observed 95% C.L.
N 20 o swm x Bestfitvalue - —
B == ATLAS Vs =13 TeV, 13.3 fb™ | < : ;
— ATLAS Vs =8TeV, 20.3 fb" =
\Z s — ATLAS \s =7 TeV, 4.6 fb" O
Aco = o
- W*Z — ¢£'vee 5 ()
AK?X0.1 s a—
I | 1 1 | I 1 | I | | 1 1 I | 1 1 1 I | 1 1 | I i | 1 | I 2 \ \ \ , I , \ , , \ . | . | \ . \ ,
005 0 005 01 015 02 025 R 0 10 20
aTGC Intervals at 95% C.L. CWWW/ A (Te\/ )

% ... but only few preliminary results on anomalous couplings
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Recent VBF/VV results
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Recent VV results
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VBF/VV Production and aTGCs

*¢* Overview of studied aTGCs:

Coupling Parameters Channel "c:: ?
WW Akiyy Ay WW, W~, VBFE-W L v
WWZ  Ag?,Akz,\y; WW,WZ, VBF-W, VBF-Z S B

Zyy h3, b Z g &
ZnZ hi, hi Z 2 &
22y fz’fg 24 ffviolateCP 5 %
7277 FZ, fZ 77 5

** Experimental access: aTGCs modify total production rate as
well as event kinematics

m Use cross-section measurement or kinematics to constrain aTGCs

“* A suppression factor depending on a scale A ensures
conservation of unitarity (divergent xsecs at high /s ):

. Ao
M8) = AT,

Marc-André Pleier 5/19 Brookhaven National Laboratory



Zy — Lly, vvy @ 8 TeV

PRD 93, 112002 (2016) PLB 760 (2016) 448
“ e*e” / ut u= (ATLAS only) or MET plus isolated photon(s)

¢ Early NNLO fully differential calculation for Zy in 2013

—

19.6 fb™ (8 TeV

; E T T ) T L I T 1 ) > I T T T | T T T | T 1 T | —
8 oL * Daa 8 | cms O v+t W), vy, 20y -
) . —— RR8K Sherpa (CT10) > [ Beam halo B
= - ##% MCFM (CT10) 510 E
. - 10_? —— Q > .
15 F =@ 8§ NNLO (MMHT2014) o .
S - 1 A
© 1 gy . E
© 2 —_—— Bkg. uncertainty .
) T e S h3=-0.001, h;=0.0 -
10 ATLAS W 107 =
- 1s=8TeV,203fb" W 1 -
102 - ’
= . 10%F -
10° Nee20 I'ly channel g
10‘4 :_- | i | | i 10-3 é_ ! .
Af 2l -
. 1.5F =
g 1&* ______ T S _* ........................................ —
2 , 0.5F -
= 0.6 o 0=7200 300 400 500 600 700 800 7900 1000
50 86 96 110 135 170 210 270 350 470 640 2000 E; [GeV]
m,, [GeV]
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Zy —> Lly, vvy @ 8 TeV
PRD 93, 112002 (2016) PLB 760 (2016) 448

< e*e” / ut u (ATLAS only) or MET plus isolated photon(s)
* Early NNLO fully dlfferentlal calculation for Zy in 2013

- -3 1
@ = 10 19.6 fb (8 TeV)
E A __l__ g;t:n R 20,0001, Arpeco ATLAS - I_\IC 0 02>_< T T T | T T T _!_ |Fx ;ctedr el — ]
& 10°F 3 ztvwn s \s=8 TeV, 203 1" i 17 Expectedsss CL ]
B v+ jets . - CMS — — Expected 9% C.L. _
£ wy ) i —— Observed 95% C.L. ]
10° =3 Wiev) = 0.01 | | ;
B Zivv)jets - . ]
B 2y . ] i 7
10° 22 | E il
107 4 0 i
10 = )
-0.01 .
1 -
S ¢ E ]
BT Wi I | ]
D @ : —0 02 1 1 | | 1 | | 1 L I | 1 1 |
u% 0.5F A = 0,004  -0.002 0 0.002  0.004
130 200 350 1000 h Z
E; [GeV] 3
¢ Ni,=0 for aTGC limits (ATLAS); NLO ewk corrections not included
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WZ — /vil @ 8 TeV

00 00

o [pb]

Ratio to NLO

50

40

30

20

—_
o

-
- NN A~ O

PRD 93, 092004 (2016)

» 3 isolated leptons (e or u), MET

* Inclusive NNLO QCD caIcuIatlon recentlv became available

1 | | 1
ATLAS Prellmmary
WZhvil
® ATLAS Vs=13TeV (m,  66-116 GeV), 3.2 fb"

v DO Vs=1.96 TeV (m,  60-120 GeV), 8.6 fb"

& CDF ys=1.96 TeV (corr to m, . 60-120 GeV), 7.1 fb™

== MATRIX NNLO, pp—WZ (mz—;ll 66-116 GeV)
NNPDF3.0, u_=p_=(m, +m;)/2
— MCFM NLO, pp>WZ (m,_, 66-116 GeV)
CT14nlo, u_=p =m, /2
R = =MCFM NLO, pp>WZ (m,__ 60-120 GeV)
=3 [ | C|:T1 4nlo, HH=”lﬂl=mWZr2 ]

T T T T T T T T T T T T T T T T T T T

IIII|III|I ‘IIIIlII

1 1 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1

- Fa—
——
-
o—

n

4 6 8 10 12
Vs [TeV]

+** Inclusive fiducial xsec precision: 4.2% (ATLAS)! Provided as well:

= Unfolded differential cross sections (ATLAS, CMS)
= Ratio of W*Z, WZ cross sections, also as function of kinematic vars (ATLAS)
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WZ — /vil @ 8 TeV

PRD 93, 092004 (2016)

» 3 isolated leptons (e or u), MET
* Inclusive NNLO QCD calculation recently became available

Events 00 00
2,

T T T I 1 T .I Data 2012 NU;— 0'1_ I 1 I LN I | I L) L) I L] I
ATLAS . Cw'z < ATLAS
s=8TeV,203M m e oS i \s=8TeV,20.3fb"

10' £'¢f eV g 0.05[- N
(¢',¢=eorp) —Lel g |
ok . A g7=-0.1, A K=0.25, A7=0.1 = I

EF—-.l --Ang.lfncz -0.19, 37=0 O O u

- 32 I 1

RYRYRYRY Ln B

10° @ ! ]

-0.05 — Observed _

- - - Expected .

10 [+1c expected

[J+2c expected -

-0.1 - — Unitarity bound 7

L L 1 1 L R R N OB T BN N A R N BN R R AN B B R R T

1o 200 400 600 0 0 5 10 15 20 25

my' [GeV]
+** Inclusive fiducial xsec preC|S|on 4.2% (ATLAS)! Provided as well:"

= Unfolded differential cross sections (ATLAS, CMS)
= Ratio of W*Z, WZ cross sections, also as function of kinematic vars (ATLAS)
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WZ — /vii @ 8 TeV
arXiv:1609.05721

< 3 isolated leptons (e or ), MET
*¢* Inclusive NNLO QCD calculation recently became available
; CMS 19.6 o™ (8 TeV) CMS 19.6 fb" (8 TeV)
> 10 = 1 1 1 I | I 1 1 1 I 1 1 1 I | I 1 1 1 ] ¢.< N I I ] I 1 I I 1 | 1 I i
8 ¢ Data wz . | — — Expected 68% CL ~ — — Expected 99% CL
o =+ WZaTGC (ax*=06) [l Non-prompt leptons 0.04| — - Expected95% CL ~ —— Observed 95% CL
o) --- WZ aTGC (Agf=—0_06) B MC background B + Best fit
— 103 i --- WZ aTGC (1 = 0.04)
2 - : T T
= e — TN
) 0.02 - NN =
U>_| B //// \\\
10° - // \\\
- [y \
oF -
i \ I
\ /
10 AN \\\\ // /
-0.02- \\;\M T //;’/ ]
1 | N
0 100 200 300 400 0.05 5 505

pZ (GeV) z
*** Inclusive fiducial xsec precision: 4.2% (ATLAS)! Provided as welf®

= Unfolded differential cross sections (ATLAS, CMS)
= Ratio of W*Z, WZ cross sections, also as function of kinematic vars (ATLAS)
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22 > 4/[2/2v @ 8 TeV

00 00

» 4 (2) isolated leptons (e or u), (MET)
* Inclusive NNLO QCD calculation available

arXiv:1610.07585

24 [ T T | T T T I T T T l T T T I T T T I T T T I T T ] _]
29 C  LHC Data 2015 (Ys=13 TeV) -
— 1 —

= &ATLAS ZZ- Illl (m, 66-116 GeV) 3.2 fb ATLAS E
20F LHC Data 2012 ({s=8 TeV) —
- OATLAS ZZ- li(lliv) (m 66-116 GeV) 203 fb” ! =
18 occwszz— (m, 6&116GeV)196fb1 =
1 6 —_ LHC Data 2011 (is-7 TeV) ]
C ®ATLAS ZZ- li(livy) (m 66-116 GeV) 46" -
14:— ® CMS ZZ- Il (m, 6012OGeV)50fb —]
12 [ Tevatron Data (Is= 1 96 TeV) =
- @ CDF ZZ— ll{llivv) (on-shell) 9.7 b’ =

1 O D0 2ZZ- li(livy) (m, 60-120 GeV) 8.6 o’ -
6 MATRIX CT14 NNLO —
4 :_ ...... ZZ (pp) _:
2 - — zZ(m -
()6 1 r"u."l‘ 1 [ | PR AT TR TN NN SR TR T AN N T A =

\s [TeV]

00 00

Marc-André Pleier
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* NLO EWK corrections are taken into account

» Unfolded differential cross sections are provided as well
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22 > 4/[2/2v @ 8 TeV

arXiv:1610.07585

¢ 4 (2) isolated leptons (e or u), (MET)
¢ Inclusive NNLO QCD calculation available

-LB T T T ‘ T T T T T T T T ‘ T T T T ‘ T T T T 2 E T ‘ T T T T T T T T | T T T T
B 10° ATLAS -eo— Data j & sl ATLAS —&— Data
it = S EEE f,=0.01 = g 10 = _ 4 - f=0.01
2 Ldt=20.3 mDzz - _ g Ldt=2031b B
5= 8 TeV @R X, XX S 10 Vs= 8 TeV CJwz
104 77 s T G Sl = 3 = ZZ 5IT'v Vv [ wwittwezz scovviz(stopx
. L—3 Ystat.+syst.unc. 3 10 EE - 7z_41 )
10 = = [ z= m#x, wexitmuttijet
5 E 102 E O stat.+systunc.
10 e N e, T
10 S T
' -
1 107"
o 2 | S O
= 15— ] =
s 1 e8] 8 R TR
® 5 ] © 05
o 9 g Lo ‘ —_—t ‘ ] o 0 s : ; ; {
0 100 200 300 400Z 500 100 200 300 400 500
lead
P, [GeV] pZ [GeV]

% NLO EWK corrections are taken into account

*** Unfolded differential cross sections are provided as well
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alTGC status

CMS

arXiv:1610.07572

¢ Most stringent limits

Central ‘32”‘3 :
Fit Value s - Channel Limits [Ldt[fo] Vs[TeV] A [TeV]
. H WW [-2.5e-002, 2.0e-002] 20.3 8 oo
‘ [ - WW [-5.9e-002, 4.5e-002] 19.4 8 o
I ] WZ [-1.9e-001, 3.0e-001] 20.3 8 oo
! i Wz [-2.3e-001, 4.6e-001] 20.3 8 2
I ] WZ [-2.1e-001, 2.5e-001] 19.6 8 oo
| W wv [-1.2e-001, 1.3e-001] 46 7 o
—c] DO Comb. [-1.1e-001, 1.3e-001] 8.6 1.96 2
—— LEP Comb. [-7.3e-002, 4.9e-002] 3.0 <0.21 oo
. — Wy [-6.5e-002, 6.1e-002] 46 7 o
] Wy [-5.0e-002, 3.7e-002] 5.0 7 o
H WW [-1.9e-002, 1.9e-002] 203 8 oo
(B8] WW [-2.4e-002, 2.4e-002] 194 8 oo
H Wz [-1.6e-002, 1.6e-002) 20.3 8 e
=] w2z [-2.8e-002, 2.8e-002] 203 8 2
H W2 [-1.8e-002, 1.6e-002] 19.6 8 =
— WV [-3.9e-002, 4.0e-002] 46 7 o
FeH DO Comb. [-3.6e-002, 4.4e-002) 8.6 1.96 2
Fe LEP Comb.  [-5.9e-002, 1.7e-002] 3.0 <0.21 o
A H WwW [-1.6e-002, 2.7e-002] 20.3 8 oo
' el WW [-4.7€-002, 2.2e-002] 19.4 8 =
H Wz [-1.9e-002, 2.9e-002] 20.3 8 oo
=] Wz [-2.9e-002, 5.0e-002] 203 8 2
H W2 [-1.8e-002, 3.5e-002] 19.6 8 o0
| — | WV [-5.5e-002, 7.1e-002] 4.6 7 oo
o DO Comb. [-3.4e-002, 8.4e-002] 86 1.96 2
1 1 1 I-.I.l 1 L LEF Comb.l [ 5-19 2 2|-1e 002} |3.0 - 0.%1 1
0 1 2
)\(g) = Ao aTGC Limits @95% C.L.
(1+8/A% )2
FF
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alTGC status

arXiv:1610.07572 * Most stringent limits

CcMS ]

ATLAS ] Channel Limits A:: [TeV] on WW'Y, WWZ fI’O m

3 — Zy(lyvvy) [9.5-004, 9.9¢-004]
3 i . Zy(lyyvy) [-1.6e-003, 1.7e-003] 4 WZ and WW
" . Zy(ly)  [-4.6e-003,4.6e003] o
M zovn e o0eo0s - %% Best constraints so
p—— Zy(lyyvy) [-7.8e-004, 8.6e-004] = .
K — .y Zy(lyvvy) [-1.3e-003, 1.4e-003] 4 far on h3,4y'Z ’ dr|Ven
; ; Zy(ly)  [-3.8e-003,3.7e-003] by VV'Y
b : Zy(wy)  [1.5-003, 1.6e-003] <
g — Zy(lyyvy) [3.26-006, 3.2¢-006] =
—_— Zy(lyvvy) [1.2¢-005, 1.1e-005] 4
| ; Zy(ly)  [3.6-005, 3.56-005] <
— Zy(wy)  [-3.8e-006,4.3e-006] =
. — Zy(lyvvy) [-3.0e-006, 2.9¢-006] =
e Zy(lyvvy) [1.0e-005, 1.0e-005] 4
; . Zy(ly)  [-3.1e-005,3.0e-005] ==
— Zy(wy)  [3.9e-006, 4.56-006] <
1 | | | 1 | 1 | 1 | | | | 1 1 | | | |
~0.05 0 0.05 0.1 xi0Th)
)\(é) _ A)\Oz ~ with i of h; aTGC Limits @95% C.L.  x10°h)
(1+8/A% )"

Vs =38 TeV
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alTGC status

arXiv:1610.07572

¢ Most stringent limits

Kis |:| Channel Limits JLdt[fe] fs[TeV] As [Tev]
& ! i ZZ(41212v)  [-15e-002, 1.56-002] 46 7 = on WW'Y , WWZ frO m
4 I | ZZ(41212y)  [-2.2e-002, 2.3e-002] 46 7 3
— ZZ(41212v)  [-3.8e-003, 3.8e-003] 20.3 8 o0 WZ an d WW
— zz(4) [-5.0e-003, 5.0e-003] 19.6 8
T— ZZ(212v) [-3.7e-003, 3.3e-003] 247 7.8 o * .
- ZZ(41212v)  [-2.9e-003, 2.6e-003] 247 7.8 S X Be st constraints so
z i i ZZ(4122v)  [-1.3e-002, 1.36-002] 46 7 = -
4 . . L]
" | ZZ(4212v)  [-1.9e-002, 1.9e-002] 46 7 i fa ron h3 4% , d riven
— ZZ(41212v)  [-3.3e-003, 3.26-003] 20.3 8 ’
—_— 7z(4)) [-4.0e-003, 4.0e-003] 19.6 8 0
— 7Z(212v) [-2.8¢-003, 3.2e-003] 24.7 78 - by VV'Y
— ZZ(41212v)  [-2.2e-003, 2.6-003] 24.7 7.8 SN .
f } i ZZ(4122v)  [-1.6e-002, 1.56-002] 46 7 K X CO nstraints on f 3 4%2
} | ZZ(41212y)  [2.3e-002, 2.3e-002] 46 7 3 )
— ZZ(41212y)  [-3.8e-003, 3.8-003] 20.3 8 o :
p—i zz(4) [-5.0e-003, 5.0e-003] 19.6 8 d riven by géVV
— 7z(212v) [-3.3¢-003, 3.7e-003] 24.7 78 SR
— Z2(41212v)  [-2.66-003, 2.76-003] 24.7 7.8 - ¢ 3enera | |y mo d est
£z ! i ZZ(4212v)  [1.3e-002, 1.3e-002] 46 - =
° b y ZZ(4212v)  [2.0e-002, 1.9e-002] 46 7 3 :
— ZZ(4212v)  [3.3e-003, 3.3e-003] 203 8 w Im p act Of
T ZZ(4l) [-4.0e-003, 4.0e-003] 19.6 8 H H H
— 7Z(212v) [-2.5e-003, 3.1e-003] 24.7 7.8 - unitarisation
— ZZ(4212y)  [-2.3e-003, 2.3e-003] 247 7.8 -
1 1 1 I 1 1 1 1 1 1 1 | 1
0.05 0.1

R A0
M) = Greaz e
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alTGC status

arXiv:1610.07572

ATLAS b—i

¢ Most stringent limits
Channel Limits st s on WW'Y, WW?Z from

ZZ(4l) [-1.2e-02,1.3e-02] 50f" 7TeV 0:0 Best constraints SO

ZZ(212v)  [1.6e-02, 1.6e-02] 46f' 7TeV far on h3 4y,Z’ driven

ZZ(212v)  [2.0e-02,1.9e-02] 46f>' 7TeV ’:’ Constraints on f3’4y,Z

ZZ(212v+4l) [-1.5e-02, 1.4e-02] 46f" 7 TeV driven by livv

ZZ(212v+4l) [-1.1e-02, 1.0e-02] 96f"' 7 TeV 0:0 Genera”y modest

cMs i-=-i
combined irrerees
) Z2Z(212v)  [-1.9e-02, 1.9e-02] 46f' 7TeV
!
¢ 77(4l)  [1.86-02,1.8¢-02] 46T 7 TeV WZ and WW
ZZ(212v+4l) [-1.5e-02, 1.5e-02] 46! 7TeV
ZZ(212v+4l) [-1.0e-02, 1.1e-02] 96! 7 TeV
fz
ZZ(4l) [-1.5e-02, 1.5e-02] 46" 7TeV
ZZ(212v+4l) [-1.3e-02, 1.3e-02] 46! 7 TeV b VvV
---------------- i ZZ(4l) [-1.0e-02,1.1e-02] 50f"' 7TeV y y
ZZ(212v+4l) [-8.7e-03,9.1e-03] 96fb! 7 TeV
fs
> ZZ(4l) [-1.8e-02, 1.8e-02] 46f" 7TeV
----------------- i ZZ(4l) [-1.3e-02,1.3e-02] 50f' 7TeV
£ ZZ(212v)  [-1.7e-02,1.6e-02] 46f"' 7TeV
5 A i P .
ZZ(41) [-1.6e-02,1.6e-02] 46fb 7 TeV Im pa Ct Of
ZZ(212v+4l) [-1.3e-02, 1.2e-02] 46f"' 7TeV
imssssssmssssae. i ZZ(4l) [-1.1e-02,1.1e-02] 50fb"' 7TeV unita risation
| T : ZZ(212v+4l) [-|9.1e-03, 8.9e-03] 96fb" 7TeV
-0.02 0

Marc-André Pleier

e
0.02 0.04 0.06 0.08%¢ First ATLAS/CMS
aTGC Limits @95% C.L. ) )
aTGC combination
released!
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Recent VBS/VVV results
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VBS/VVV Production and aQGCs

*¢* Overview of studied aQGCs:

WWWW WWZZ ZZLZZ WWAZ WWAA ZZZA ZZAA ZAAA AAAA

050 P51 v v v
000 OM.1:O0M.6 Oniz v v v v v v v
Orr2 Onrz Onrd Onrs v v v v v 7
Or.g . Or1 .07 v v v v v v Vg v v
Or5 .Or.6 .OT.7 v v v v v v v v
v v v v v

Or.g:Or9g

Vertex-specific conversions from WHIZARD ay, a5 exist, e.g. for WWWW:

4 4
v
it 205 = T

_ fsow
R PR

*»* Experimental access: aQGCs modify total production rate as
well as event kinematics

m  Use cross-section measurement or kinematics to constrain aQGCs

¢ Unitarisation methods:

= Form factor

. A
M8) = /AT

N
( o

N
\

l\\- / ?MN}

[ als)

m K-matrix unitarisation
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Zyy — Lhyy, vvyy
PRD 93, 112002 (2016) CMS-PAS-SMP-15-008

< e*e” / utu~ or MET (ATLAS only) plus isolated photons

\/

** Signal @ >50. NLO prediction is still state-of-the-art for signal!

19.4 b (8 TeV)

S B R B R L L B B I LI
> —
ATLAS S 16F CMS ¢ Data
—Z N =0 L Preliminary
R pets \s=8TeV, 203 10" w14 C12Zvy
;5 - SR [ ] Other Multiboson
_ * Measurement 5 12:_ I jet—y fakes
eeyy ———— —— Tot. uncertainty T 100 * === Total uncertainty
X N
. Stat. uncentainty 85_\ Electron Channel
HHTY — MCFM (NLO) g
_ B0 6
Flyy . + 26
- 4
vVYY = 2
L8 _§ i I il i1 i i1 i I i1 i I i i i I i1 L& I i1 1 i
3 0 1 2 3 4 5 6 0 AR B
G gata! Cihoory 0 20 40 60 80 100 17 P 140
p; " [GeV]
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Zyy — Lhyy, vvyy
PRD 93, 112002 (2016)

“ e*e” / utu or MET (ATLAS only) plus isolated photons

»
o Slgnal @ >5c5 NLO predlctlon is still state-of-the-art for signal!
E ATLAS ® Dat ]
pd 10° 4 = === Zwwirr B AN10" TeV™, Appmo S - d h |
In .ls=a TEU, Eﬂ'E fb : fl\."'u':'}v‘f.sﬂ E — ?<1IO|3I I T F T II':,.".IF-T.II'}FII lll!l-LTr}‘I- ial? I Ieeiquvrlcl IalII1III1IE|$I T LI | I T
- I jets+viv) 1 3 — Data observed ]
L:"’ 102 =0 wieviy .| E 100 —— MC expected -
@ 2 ww 1 < [ J+20 ]
Lﬁ - Zlvviy+jets N - - +1g :
10 ;:gim E :E’ 50 —— Unitarity bounds ‘:
SR T T
] o T R — 0 Allowed
107! eocosiisicn o = -50
3 ATLAS
\s=8 TeV, 20.3fb™" -
-100 -
| ] ] il Lo o s sl s

AT F T T AT E TS
I

Data
Expectation
o = m
LN NP CN _
~:x
3
'|.
&
\
.
(4 ]
[#)]
=
[0 4]
jie]
:;..
3
& 3
=

100 200 300 400 500 600

m., [GeV]
“* N....=0, high-myy fiducial xsecs used for aQGC limits

Marc-André Pleier 12/19 Brookhaven National Laboratory

jets



Wyjj — fvyjj @ 8 TeV
CMS-PAS-SMP-14-011

¢ 1isolated lepton (e or u), MET, isolated photon, two tagging jets
** SM EW signal significance: 2.7c; EW+QCD well-described @NLO

. - .1
CMS Preliminary ely+jets 19.7 fb' (8 TeV) CMS prellmlnary [ Ldt=19.71b \s=8TeV
-E 5 T T T T T T T T T T T T T T T T T T T > [T | T T T I 1T | LI ‘ 1T I 1T ‘ LI I 1T I 1T I LI I T
2 0 = OB Wy 1 Jets o °F e Dat
- [ ] v+ Jets I L ata
"g m Fake photon i © B === Sum of backgrounds
& —J Fake electron ) B )
LI>J -%y and dibosons 0 5 . === Signal, AQGC=0 (SM) isisiemision
0 = - ————— O a_ 4 X K .“
R AR ] EV{I)K Wry+2Jets __c}j B - Signal, 1, fA"= 43 TeV' PR
R SRR s Uncertainty Band - Signal uncertainty RER
10 = ..('2 4 I I:’ Background uncertainty %2 IR
7 - B SRRN R
...... ] () - R ) R
| > | i _
LU 3 i ]
- ; .
C ; ]
2— —
L LU BT * L d
QIF e e IK“%*‘“‘-MWWI«M .
= e . =
CIU % ‘ E 0 1 I Ll I 11 1 | 11 | ‘ 111 I L1 1 ‘ 1 | I L1 1 I |l 11 ‘ | I I_
= [ i o 60 80 100 120 140 160 180 200 220 240
0ol s 1000 1500 2000 2500 pW [GeV]
M”- (GeV) T

% aQGC limits: require p;¥ > 200 GeV & harsher tagging jets cuts
** use shape of p;" distribution to provide limits on f, ; -, fro 55 7 (!)
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WVjj — £v(ji/)) jj @ 8 Tev
arXiv:1609.05122

% lisolated lepton (e or u), MET, jj/J hadronic V, two tagging jets
*** Not sensitive to SM xsec yet, but optimized for aQGC

> [ ATLAS +Data  —a=010 > 16 ATLAS +Data  —@,z=0.10
O 705 =8 TeV, 20.2 b — @005 WISMEWKWY O Fis=8TeV,20.21b" — &=0% ERSMEWKWY
S F wor U N EWwsjets [ o 14— W v V | D W+ets [
Ceo WV, V=) [ Single-top [l Diboson e =W, V= [ Single-top [l Diboson
-~ E B Z+iets [ Multijet —~ 12 B Z+ets [T Multijet
2 50 o F
c - -
:qg - § 10 =
@ 40 W 8L
30k T 6
= t 3
£ : 5
10 t =
- 5 I 2
5
% - — ,=0.10, 0=0 S ST T 520.10,05-0
4 ,=0.05,0,=0 D a- 520,05 0,20
‘a 3k 4 5 Q@ 3 4 5
T S
a 2t Q 2- [
Vpsssstsssssssspsssissssisions - % 1W i FZH ///////Z//
00700 200 300 400 500 600 700 800 %00 400 500 600 700 800 900

m(WV) [GeV]

mr(WV) [GeV]

*** Merged (J) category improves expected sensitivity by 40%
* No conversion a5 to f, ; since WWjj and WZjj contribute
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Ty &> WW

PRD 94, 032011 (2016)

JHEP 08 (2016) 119

¢ e pair with large pT, no other charged particles @ vertex

»
%

4
10 II'I[IIIIIII III|IIIl'IIIlIIIl'Il[I'I'IIIIII

> E 3
[4h] - =
o) - ATLAS E Data 2012 E Incl WW ]
_ Excl. WW Excl.
© 10°k 1s=8TeV,20.2 b’ , N
— = Excl. WW si | ) E’ Ziy* -1t %% sys. @ stat. 3
P - Excl. signal region [ ther W |
c | _
ﬂ>> 1 02 SO alV/A? = 2.0e-4 GeV?, agm2 =0,A =500 GeV 3
w <3 we aWIA? = 0, al/A? = -5.5e-4 GeV?, A = 500 GeV ]
i < T W/A? = 7.5e-6 GeV2, aV/A? = 0, no form factor
1 0 3, [+ =
1 L. =S =
107"

-2 i L L
10°97""20 40 60 80 100 120 140 160 180 200
p [GeV]

Events / 30 GeV

» 15t SM signal evidence: ATLAS: 3.0c (8TeV), CMS: 3.4c (7,8TeV)

CMS 19.7 fb' (8 TeV)
3B/ *  Dala
20 C Ty — WW (2/A%=1.5"10", a/A%=0, A =500 GeV)
- v — WW (a)/A%=2"1 0%, a"A®=0, no form factor)
25 SM vy — WW I Inelastic vy —
00 C B oitiractive ww P Ewk Wweg
u B ciastic vy > Inclusive diboson
15 77 Stat. uncent. in simulation [l Drell-Yan
10
5 (RIS +‘
D 1 1 |:|/_/|/:'”‘1'P-'I”-' li‘ll I III s ||| |
0 30 60 g0 120 150 180 21 D

P (ue) [GeV]

** aQGC limits placed using dilepton pT distribution
** No tag jets -> suppressed WWWW, WWZZ, WWZy contributions
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aQGC status

#5. FH GREMNEL 3 3e00n B ses00z] TV I
/A" |=e=eessssssssmassssss==s== ~3.3e+002, 3.5e+ o .
" : k | ! Zy jJY -7.1e+001, 7.5e+001] == arXIV 1 6 1 O . 07572
i | Wy i _7.7e+001, 7.4e+001] =
WAWEji [-3.3e+001, 3.2¢+001] = o
.2.8e+001, 2.8e+001] =
moi (rseons ooy o5 *%* All results use full
yy—WW  [-1.8e+001, 1.8e+001] =
yy—WW  [-1.56+003, 1.5e+003] 0.5 d
AT peemmmemcmmmcscmemeacmcsemmme=== WV -0.0e+l02, 5.5e+002] o
= = Wy [sger00z s der0ns 8 TeV datasets
= ik, e e o
I | WAWEjj - [4.4e+001, 4.7e+ 00 * .
----------------------------------------- -1.1e+002, 1.0e+002] o0 d h I
— b ! e | romw tieaa e - % Trend that exclusive
[sreortnnnnoensssisassnnrinrnnsannnnne 1 yy—>WW -g.ge+gg;‘ g.ge+gg; 0065
............................................................................ WW  [-5.9e+003. 4.9e+ ] f
a— e 4 G002 outperforms VBS,
! o pnmieed
----------------------------- - .o+ , f.ae+ oo . .
e pIIIIIIIIIIIIII i Wyy  [24e+002 2464007 - which is better than
e LT - Wryy gge’fgg? g-?e+gg? 0.5
I | Zy i -3.2e+001, 3.1e+ oo
' I i .2.6e+001, 2.6e+001] =
fias AT i i Zy‘({Jl -8.32:002, a_gg:uuz = VVV
' b 1 Zyy -1.0e+003, 1.0e+003] 5.0
bem==mmmmomnmmememme e i Wy 'Age*ggg» l-ge"ggg > RR N .
-------------------------- Wy =4 S+ , 4. .oe+ oo
fenmene- gt e 1 wWh .7.6e+003, 8.9e+003] 05 ¢ ote Strong ImpaCt
' ' Gl pmmee - N
I { -4 3e+ 4. de+ oo
: : L e of unitarisation
S } i Wy 6.56+007, 6.56+001] =
bt ’ ‘ W 5504001 6.30:001] = o
: : IVASE 55 -6.5e+ ,6.3e+ oo L L
; ; Wy treenr Teesoud—=—— *%* FAlr comparison
. 1 | 1 ] |: 1 | ] :I ] 1 ijtjj -7'081001‘6'?84-001 - |

requires some work

5 . o O 5 :
A(8) = G3z7azy2  log,, aQGC Limits @95% C.L. TV
= ATLAS Vyy limits (VBFNLO) converted to CMS notation (MG5)

= WVyand yy—>WW converted from a, -V limits to std. MG5
as CMS implemented their own Lagrangians in MG5 for f,;

= Checking a, .V consistent implementation b/w ATLAS/CMS
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aQGC status

CMS —_—
b ; . H . g-:?me' = .5e+Lc|)?;t,S1 9e+001] 1\: = arX|V 1 61 O . 07572

4 Zyy [-4.2e+002, 3.8e+002] 0.7
|sssessssssmassanmmmnn 1 Wyy [-3.8e+001, 3.8e+001] < .
L TLLETELETLELILE 1 Wyy oot 16000 = %9® All results use full
g I Wyy [-4.9¢+002, 4.7e+002] 0.6
Jrmmeememe—m——eaeaa- - WVy [-2.5e+001, 2.4e+001] =
—_— 70] (3864000, 346s000] 8 TeV datasets
—_— Wy ji [-5.4e+000, 5.6e+000] =
_ WEWE JJ [-4.29"’000, 469"’000] o2 "’ M
(AN g 1 Wy [-4.6e+001, 4.7e+001] = * Trend that EXC|USIVe
I— Zyji [-4.4e+000, 4.4e+000]
 — Wy jj [-3.7€+000, 4.0e+000] < Outperforms VBS’
— W'W*jj  [-1.9e+000, 2.2e+000] =
£, A" jeeeescccccscsmescssn . i W -1.0e+002, 1.0e+002] == 1 1
00 000000 - which is better than
] Wy ji [-1.1e+001, 1.2e+001] =
WAWE jj [-5.2e+000, 6.4e+000] = VVV
fro/Af l 1 Zvy [-9.0e+000, 8.9e+000] <
| Zyy [-3.0e+002, 2.9e+002] 0.6 . .
— wii  resewsnnssesccn = *%* NOte strong impact
f /A" — Wy jj [-2.8e+000, 3.0e+000] =
f IA° — Wy ji [-7.3e+000, 7.7e+000] = 1 1 1
frq /AT —A Zyji [-1.8e+000, 1.8e+000] = Of Unltarlsat|0n
f o IA" — Zyy [-6.9e+000, 6.9e+000] = o
! 1 Zyy [-8.3e+002, 8.0e+002] 0.4 o 1 1
— Zyji [-4.0e+000, 4.0e+000] < * Falr Comparlson
1 | 1 1 1 l 1 1 1 I 1 1 1 l 1 1 1 I 1 1 1 I 1 1 1 o k
—4 2\ =2 Ao O 2 4 6 requires some wor
A(8) = @3a7az 32 log, aQGC Limits @95% C.L. [TeV] 9

= ATLAS Vyy limits (VBFNLO) converted to CMS notation (MG5)
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aQGC status

8 TeV Limits on f / A*, f_ ./ A* -
. oo s arXiv:1610.07572
A e L * All results use full
8 TeV datasets
= T R mRET R 20 % Trend that exclusive
— W A, =c  [~1300,1800] OUtperformS VBS,
o which is better than
-------- WA Age=c0 [-118,120]
» VWV
W[ r———_ | WIWW A,, =2TeV [~2900,3700] o Note strong impact
-------- WWW A, =e  [-2100,2700] of unitarisation
)\(§) — AAOQ 1
Sl L ** Fair comparison
- -2 0 2 4 .
log, , aQGC Limits @ 95% C.L. [TeV™] requires some work

= Conversion of a, 5 limits of ATLAS WVjj, ssWW, WZj]
analyses not performed: vertex-dependent (missing fs ,)
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aQGC status

0.2
YD R N W
02 N\ el
0.4
. —— obs. 95% CL, WVjj
06 IEETTTE exp. 95% CL, WVjj |
~ —— obs. 95% CL, W*'Wj |
- e exp. 95% CL, W*Wjj !
_0.8 - I

Marc-André Pleier

0.6

0.4

Yo,

—— obs. 95% CL, WZjj
...... exp. 95% CL, WZjj

‘ ATLAS

. -
I Ot (L
.....
L
-

SEIFE NN TI RN R NI R NS NI ST NI SN NN RN AN SRTE

\s=8TeV, 20.2fb"
K-matrix unitarization

-
- -m
- » -

- -

LI L

-0.5 -04 -0.3 -0.2 -0.1

0 01 02 03 04 05

Oy

16/19

arXiv:1610.07572

¢ All results use full
8 TeV datasets

*** Trend that exclusive
outperforms VBS,
which is better than
VvV

¢ Note strong impact
of unitarisation

¢ Fair comparison
requires some work

** Semileptonic VBS
analysis very
sensitive!
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aQGC status

CMS ]
ATLAS ] Channel Limits A [TeV]
o, R — WW jj  [1.4e-001,15e-001] K
H WAWEj  [1.6e-002, 1.6e-002]
WANEWF  [4.9e:001, 7.56-001] ==
WZjj  [43e-001, 49e-001] K
- WAV jj [2.46-002, 3.0e-002] K
0 —_— WA [22e-001,22e-001] K
- WW' | [27e-002, 2.8¢-002] =
WAWAWF  [-4.8e-001, 6.2e-001] =
WeZ jj [-4.8e-001, 46e-001] K
b WAV [28e-002,33-002] K
| | |
-1 0

1
aQGC Limits @95% C.L.

= Conversion of fg ;/; limits of CMS ssWW, ATLAS WWW
analyses using WWWW specific conversion formula.

Marc-André Pleier
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arXiv:1610.07572

¢ All results use full
8 TeV datasets

*** Trend that exclusive
outperforms VBS,
which is better than
VvV

¢ Note strong impact
of unitarisation

¢ Fair comparison
requires some work

** Semileptonic VBS
analysis very
sensitive!
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Putting it all together...

AN [Tev] A=vel

=~ 0.4 é 0.1 0.2 03 04 08 04 03 0.2
iy, 1304 11___1 .__EarXIV 1410.7703
0.2 — CHw f——w :’:;—

0.1 [ CHB —1"—— .
o [ Cawr N ) l

=0.1 T - T ¥ T T T r ] A_./\{ﬁ| —._:—_'O i

1arXiv:1604.03105 TeV] ¢

-0.2 - | {025 —+ |

_ ATLAS W 10| ' os —ee

_ua 1 111 1 11 1 | 1 = ¥

—-0.1 —0.05 0 0 o
e e
-10 | 103
1 0.25
_20 L
| @ LHC-Higgs, 95% CL 102
@ LHC-Higgs + LHC-TGV + LEP-TGV, 95% CL
-40 |
{ 0.15
_50 5
O @) Q O @) @) O
G‘G @@ 6’@ A & D /1'@@

** VV and Higgs interactions are related in EFTs!
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EFT Limit Combinations

¢ Higgs analyses now also moving away from p, k & towards EFT
= First(?) example: ATLAS Hyy PLB 753, 69 (2016)

** Combining constraints from
» Higgs/SM in ATLAS
= ATLAS and CMS
= LHC and beyond (e.g. B-meson observables)

** Some ingredients: agree on
= common basis, modeling choices, unitarisation method if needed, tools
= common binning, treatment of correlations, signal/background (H/VV)
= Smaller scale “testbench” before moving to “global fit”
O Best observable (S sensitive)?
Current sensitivity more from normalization than shape...
* In addition/alternatively,
= Provide unfolded measurements w/ correlation matrix instead?

= Provide N-dimensional limits with correlation matrix
Marc-André Pleier 18/19 Brookhaven National Laboratory



¢ Harvest of Run | analyses still ongoing — establishing new
processes.

** Run 2 will provide access to more processes (VBS, VVV), and
better BSM sensitivity!

+» Starting to prepare for combinations of limits

** THANK YOU to the MC generator + HO correction community
= NNLO QCD predictions are very important for multi-V
= HO EWK corrections as well, particularly for aGC limits

¢ Current “state of the art” ATLAS MC in multi-bosons: see
“Multi-Boson Simulation for 13 TeV ATLAS Analyses”

= Mix & match in modelling: PDF, ME, scales, PS, EW scheme, HO
corrections — lots of combinations, some of which will be sub-optimal

¢ Wishlist:
= NNLO (multi-leg) QCD + NLO EWK + PS event generation. ©
= Re-weighting functionality for PDFs, scales, EFTs/aGCs
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Unitarity bounds

o . Cw 2 2
**aTGCs in LEP scenario w/o A7 = 3 lel = g tan’ owdn, + Ang)
unitarisation can be directly T = e - el
translated into EFT coefficients: " = 552 %= a2

** No unitarity violation expected @LHC for dim-6:

z
1

—_—
(&)

[Trrrprrrr L L L

2 T T
10 : ATLAS ——— Expected

2
§ 1 (s=8TeV, 20.3 fb” —3::::;; )
100 Unitarity Bound é 0.5 E\\““-—-_____
I T e
S [ 2 ) Lg 0- P S
dMyw GeV 102 cwww ] %); : e
~~~~~~~~~~~~~ e #,..f
_________________ By
1074 : £IVL ‘
arXiv:1205. 4231 1o AEAYV1003.01702 5

** How to reconcile? ATLAS aTGC bound ensures unitarity is
not violated at arbitrary high center of mass energies.
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WWZ aTGC — EFT limits

+*¢* No unitarisation here!
8 TeVLimitsonc /A% ¢ /A% and ¢/ A% A (TeV)

— WA [-11.4,5.4]

e \NZ [4.6,4.2]

fA?

e \AA [-4.61,4.60]

WWW

—WZ [3.9,4.0]

...................... e VW [5.7,5.9]

sEEEEEEEEEEREEEEEEGEDE | pgpgmann WZ [-42,80]

c /A?

; IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII VWV[_587’1054]
............................. WZ [4.3,6.8]
s s === WAV [-20.2,23.9]

--------------------------------- [Rpp—— VVZ [-260,21 0]

2
cBIA

- ----VWV['209,263]

S —— === W7 [-320,210]

3 -2 -1 0 1 2 3
Iog10 aTGC Limits @ 95% C.L. [Te\l'z]
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W*W- — /tviv @ 8 TeV
JHEP 09 (2016) 029

¢ 2 isolated leptons (e or u) of opposite charge, MET, no jets
(CMS: <1 jets)

** qq, gg, gg(H) production mechanisms (CMS subtracts gg(H))

= - ATLAS
3% L NNLO WW (MSTW PDF) (arXiv:1408.5243 [hep-ph])
%“ + NNLO H->WW (MSTW PDF) (arxiv:1307.1347 [hep-ph])

102 — WW (pp)
— WW (pp)

(incl. H—> WW above 7 TeV) LHC Data 2012 (1s=8 TeV)

® ATLAS WW (20.3 fb™)

O CMSWW (19.4 fb™
+ H— WW contribution
LHC Data 2011 (1s=7 TeV)

O ATLASWW (4.6 fb™)

B CMSWW (4.9 b
Tevatron (Vs=1.96 TeV)

A CDFWW (3.6

Y DO Wlw 9.7 fb'1} |

2 4 6 8 10 12 14
\s [TeV]

*** Unfolded differential cross sections are provided as well!
¢ Fully differential NNLO QCD calculation just became available
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W*W- > /tviv @ 8 TeV

JHEP 09 (2016) 029

¢ 2 isolated leptons (e or u) of opposite charge, MET, no jets

(CMS: <1 jets)

’0
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¢ NLO EWK corrections are taken into account
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Events / 0.4 rad

Wzjj o> (viljj @ 8 TeV
PRD 93, 092004 (2016)

¢ 3 isolated leptons (e or u), MET, > two jets

* VBS/aQGC additional selection on m;, AD(W,Z), | p(/)]
- ATiAas 0000 evmawz 1 o [ aras | e paazoz
K CIwW=Zjj-QCD (-I) N 1 W Zjj-QCD
20 ~ s=8TeV,203fb" W Zjj-EW N o s=8TeV,203fb" WZj-EW
Sy -g'lésld. leptons ] S - -gsm. leptons
R - ? = oot " ; h
A ["f”’ £=eor IJ} -ﬂﬂi:ers - i -Eﬂ:fem
15 == Tot. unc. — % ] X == Tot. unc.
: ----- a,=04,a.=0 777 ': ) Bl bbbl P e a,=04, a =0
L : - o
- R el |
10:_ : i 10k (¢, ¢=eorp) ]
% i > 3 foo 200 300 400 500 o
A 0(W,2) [rad] L |pf| [GeV]

*¢* measured fiducial xsec in aQGC phase space used for limits
* Conversion a, 5 to f, , after k-matrix unitarisation
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Events / 0.4 rad

Wzjj —> (viljj @ 8 TeV
PRD 93, 092004 (2016)

¢ 3 isolated leptons (e or u), MET, > two jets
% VBS/aQGC additional selection on m., AO(W,Z), | p.(/)|

0 200 300 400 500 (ore)
A 0(W,2) [rad] L |pf| [GeV]
*¢* measured fiducial xsec in aQGC phase space used for limits

jj’
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* Conversion a, 5 to f, , after k-matrix unitarisation
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WZjj —> (viljj @ 8 TeV

% 3 isolated leptons (e or u), MET, > two jets
** VBS/aQGC additional selection on m

1||lr|||1||||'|-||||r|||l|||'|lr||1'|||r
ﬁ - \s=8TeV, 203" -
m ATLAS K-matrix unitarization -
I PP — W'Zj|
0.5 —
0_
0.5 — cbs. 95w cL W'z —
e, B5% L, W2
L El: :uaxpad:dél
- E:,if;ﬁL.w'wu -
i, Stamardhlmall : -
B R T
-1 -0.5 0 0.5 1
7

PRD 93, 092004 (2016)
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- K-matrix unitarization
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*** measured fiducial xsec in aQGC phase space used for limits

% Conversion o, . to f., ; after k-matrix unitarisation
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